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Abstract 
 
The assessment of body composition is a commonly used monitoring tool in elite 
sports, to assess changes as a result of either a training and/or dietary intervention. 
Theoretically, excess body fat, above levels required for health and sporting 
performance, constitutes additional load that is non-functional. In most sports, the 
movement of this additional weight will increase energy expenditures and muscle 
glycogen utilisation and could contribute to premature muscle fatigue. In addition, 
non-functional mass has also been shown to have an impact on performance factors 
such as speed, acceleration and drag/rolling resistance (e.g. in cycling or wheelchair 
sports). For these reasons, body composition is often an important performance 
measure that requires attention. Individuals who are wheelchair bound experience 
substantial muscle atrophy of the lower extremities and have a greater tendency to 
store fat mass. It is of importance from both a health and performance perspective to 
understand the body composition of athletes with a disability. There are numerous 
techniques available to estimate body composition; therefore it is also important to 
determine the most suitable for use in elite wheelchair athletes, and whether they are 
sensitive enough to detect small yet significant changes.  
 
The first study, Chapter 4 was designed to assess the reproducibility of dual energy 
X-ray absorptiometry within a cohort of elite wheelchair basketball players. In 
addition, this chapter sought to establish measurement error and determine the least 
significant change that would need to be observed, to be certain of a change in body 
composition. The findings demonstrated good reproducibility with coefficient of 
variation values for all whole body measurements being <2.0%, with the exception of 
arm fat mass (kg) (7.8%). All segmental coefficient of variation values ranged 
between 0.1-3.7% for bone mass, fat mass and lean mass. The least significant 
change for fat mass, lean mass and bone mass were determined to be at least 1kg, 
1.1kg and 120g, respectively. This information concluded that dual energy X-ray 
absorptiometry was an appropriate reference technique for use in this specific cohort 
and helped to identify meaningful changes in body composition in Study3, Chapter 6.   
 
Chapter 5 compared body composition data obtained from three techniques (skinfold 
measurements and associated skinfold prediction equations, bioelectrical impedance 
and air displacement plethysmography), to the reference data obtained from DXA, in 
  
order to establish the agreement, accuracy and validity between the methods 
employed. These findings demonstrated that whilst skinfold prediction equations, 
bioelectrical impedance and air displacement plethysmography showed a good 
agreement with DXA, neither were accurate or valid techniques for the assessment 
of body composition in elite wheelchair athletes.  
 
The final study (Chapter 6) documented the seasonal changes that occurred 
throughout a 15 month training period. In addition this chapter examined how well 
skinfold measurements could track changes in body composition, and how sensitive 
this technique was to changes in fat mass, as identified using DXA. The results 
demonstrated that the sum of skinfold measurements could track small (0.34 
standard deviations) to moderate (0.4 standard deviations) changes in fat mass. In 
absolute terms the least significant change for sum of 8, 6 and 4 skinfolds were 
14mm, 13mm and 10mm. In relative terms, a ratio of 1.13, 1.17 and 1.28 could be 
applied to sum of 8, 6 and 4 skinfolds to establish the smallest meaningful change. In 
addition, a skinfold prediction equation was proposed that could determine 
percentage body fat from sum of skinfolds in elite wheelchair athletes.  
 
The results of this thesis add to the current literature by describing the physical 
characteristics of elite wheelchair athletes, and demonstrating that DXA and skinfold 
measurements are appropriate techniques for use in this population. These findings 
also provide some useful guidelines to determine meaningful change and present a 
skinfold prediction equation that is specific to this cohort. 
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Chapter 1 
General introduction 
 
The assessment of body composition is a useful means of evaluating the 
effectiveness of nutritional strategies and training interventions designed to impact on 
fat mass (FM) and fat-free mass (FFM). Equipment that can be used to assess and 
monitor body composition provides useful information that has important implications, 
in both the clinical and applied sports settings. From a clinical perspective, there are 
a number of health-related diseases that are directly linked to excess body fat, 
particularly abdominal and visceral adipose tissue, including coronary heart disease, 
impaired glucose-tolerance, diabetes and cancer (Hubert et al,1983; Calle et al. 
2003; Bray, 2004; Adams et al. 2006). Assessing the effectiveness and adherence to 
dietary and exercise recommendations through changes in body composition is 
therefore key to understanding their impact in all-cause morbidity and mortality rates.  
 
In elite sport, body composition has been linked with performance outcomes 
(Claessens et al. 1994; Arrese and Ostáriz, 2006), although this tends to be sport-
specific. Small changes in body composition have been associated with 
improvements in performance (Legaz and Eston, 2005). This may be attributed to 
reductions in the energy cost of exercise (Dempsey et al. 1966; Teunissen et al. 
2007), as a result of the increase in muscular effort required for factors such as 
acceleration and force production. Performance gains will largely be influenced by 
initial status e.g. a very lean individual is unlikely to notice any performance gains 
through further reductions in fat mass (FM), in comparison to potential gains that may 
be achieved by an individual carrying more body fat. It is, however, difficult to 
attribute performance gains to a reduction in body mass and FM, as opposed to any 
metabolic and muscular adaptations achieved through training, and it is more likely to 
be a combination of factors. At the elite level, athletes are likely to be close, if not 
already, sitting within the ideal body mass and FM for both health and performance, 
and further losses in FM may not provide any additional performance gains (Legaz 
and Eston, 2005). It has been documented how a group of elite distance runners had 
lower skinfolds and FM percentages than their sub-elite and well-trained counterparts 
(Bale et al. 1986). However, it was not clear whether they had faster 10k running 
times because they had lower levels of FM, or whether they had lower levels of FM 
  
as a result of their training status. It is common practice to regularly assess body 
composition, in order to track seasonal changes that occur as a result of changes in 
training load and nutrition programmes (Burke et al. 1986; Egan et al. 2006). Tools 
used to monitor such changes also provide a means of establishing optimal weight 
and FM for performance, whilst reducing the risk of excessive leanness that is 
beyond those necessary for the sport (O’Connor et al. 2007). The interest in 
assessing the body composition of individuals with a disability, from both a health 
and performance perspective, has become more widespread (Maggionni et al. 2003; 
Mojtahedi et al. 2008; Mojtahedi et al. 2009; Sutton et al. 2009). Whilst there is a 
paucity of published data in comparison to able-bodied counterparts, it is an area of 
growing interest. This is in part due to the growing awareness of health related 
disorders associated with body composition variables, and the increased sports 
participation at both the recreational and elite level.  
 
Several techniques can be employed to assess body composition in athletes by 
determining body compartments. The only true way to accurately examine body 
composition is through the direct chemical analysis of tissues. Complete dissection of 
the human body is required for such analyses, therefore this is not a feasible method. 
Body composition must be estimated or predicted through the indirect measurements 
of FM, FFM and/or bone-free fat-free mass (lean mass, LM, in accordance with the 
terminology established for the interpretation of tissue compartments determined 
using DXA). It is important to recognise that no single technique used to assess body 
composition is free from error, but some techniques have a greater error in 
measurement than others, thus reducing the accuracy of the method.  
 
Body composition assessment techniques vary in the number of compartments they 
measure. A compartment refers to a specific tissue, for example FM (adipose tissue), 
FFM (all other tissue, e.g. muscle, connective tissue and bone, minus FM) and bone-
free, fat-free mass, otherwise known as lean mass (all other tissue minus FM and 
bone-mass). The terms FFM and LM are often used interchangeably, however they 
are two different measures. LM can only be reported by techniques that measure 
bone mass and soft tissue mass, and cannot be determined by 2 compartmental 
models. Two compartment (2-C) models are based on the premise that body 
composition can be separated into 2-C; FM and FFM. Such techniques include those 
  
that calculate total body density e.g. hydrostatic weighing (HW) (under water 
weighing), and air displacement plethysmography (ADP). The skinfold technique is 
also a 2-C model that calculates body density, using a combination of skinfold 
thickness and other anthropometric data, such as height and body weight. 
Measurement errors in 2-C models are introduced through the assumptions made on 
the density of tissues, and that these remain constant across sex, race and age, as 
well as between able-bodied and disabled individuals with severe muscle-wasting 
and/or depletion of bone minerals. Dual energy X-ray absorptiometry (DXA) 
represents a three compartment (3-C) model which further separates FFM into bone 
mass (BM) and LM. Four compartment (4-C) models have been devised in an 
attempt to overcome some of the issues faced with the 2-C models (Heymsfield et 
al,1990). Such models combine techniques, in order to assess additional 
components such as total body water (TBW) and bone mineral content (BMC), 
allowing FFM to be further divided into water content and the remaining solids 
(proteins and minerals). These models are costly, time-consuming and the 
introduction of error in measurement, through the use of multiple techniques, may in 
fact be counterproductive (Withers et al. 1998).  
 
Each method used to estimate body composition carries its own advantages and 
disadvantages, such as accuracy, reliability, cost, accessibility and exposure to 
radiation. These techniques range from field-based methods that require minimal 
equipment, such as skinfold callipers, and bioelectrical impedance (BIA), through to 
laboratory-based techniques, such as HW, air displacement plethysmography (ADP) 
and magnetic resonance imagery (MRI). When working with a sport/group of 
athletes, quick, cost-effective and easily-transportable tools that can track changes in 
FM and FFM/LM are far more desirable. Such techniques include skinfold 
measurements and BIA, however, these 2-C models have been developed using 
healthy, able-bodied individuals in both the protocol design and the algorithms used 
to estimate FM and FFM. Due to the need to have a greater understanding of FFM in 
athletic disabled populations, and to be able to quantify small changes in body 
composition, certain questions must be asked: How accurate are these field-based 
techniques at assessing body composition in a group of disabled athletes with body 
compositions that lie outside the normative data? How sensitive are these techniques 
  
at detecting small, yet significant changes in fat and FFM in comparison to DXA, the 
chosen reference method for this thesis?  
 
Four techniques have been chosen to answer the proposed research questions, 
pertaining to the measurement of body composition in elite wheelchair basketball 
players. These techniques include the field based methods, skinfold measurements, 
the associated skinfold prediction equations (SPE) and BIA, and laboratory based 
techniques, ADP and DXA. 
 
1.2 Aims and objectives of the thesis 
The aim of the thesis was to examine the body composition of wheelchair athletes, 
using a variety of assessment techniques, over a 15 month period of intense training. 
Specific objectives were designed:  
I. To determine the reproducibility of DXA in a group of elite wheelchair 
basketball players. 
II. To identify the agreement, accuracy and validity between the selected body 
composition techniques (BIA, ADP, skinfolds) and DXA for percentage body 
fat. 
III. To observe seasonal changes in body composition over a 15 month period 
and determine whether the sum of skinfolds technique is able to detect and 
track changes in FM within an individual athlete, as determined by DXA. 
 
1.3 Organisation of the thesis 
Following the introduction, the thesis provides a review of the literature (chapter 2), 
which focused on the impact of body composition on health and athletic performance, 
the changes that occur to body composition as a result of a spinal cord injury (SCI) 
and methods of assessing body composition. Chapters 4 to 6 detail the experimental 
work undertaken, in order to answer the aforementioned research objectives. All of 
the experimental chapters are written so that they may be, to a large extent, read in 
isolation, although the general methods employed are reported in Chapter 3. 
 
Previous studies have established that DXA provides an accurate (Prior et al. 1997) 
estimate of body composition in comparison to methods such as computerised 
tomography (CT) (Levine et al. 2000) and MRI (Kullberg et al 2009), both of which 
  
have been previously validated against cadavers (Mitsiopoulos et al. 1998). Chapter 
4 was designed to assess the reproducibility of DXA within a cohort of elite 
wheelchair basketball players. If deemed acceptable, then this technique would be 
used as a suitable reference method against which the other techniques chosen for 
this thesis could be compared.  Chapter 4 also served to establish measurement 
error and determine the least significant change that can be deemed relevant, when 
body composition was assessed longitudinally in Chapter 6. 
 
Chapter 5 compared body composition data obtained from three techniques (skinfold 
measurements, BIA and ADP), to the reference data obtained from DXA, in order to 
establish the agreement, accuracy and validity between these methods, in the 
assessment of FM and FFM. 
 
The final study (Chapter 6) addressed the final two objectives which provided a 
description of elite wheelchair basketball players’ body composition and the seasonal 
changes that occurred throughout the 15 month training period. This study also 
examined how well skinfold measurements could track changes in body composition, 
and how sensitive this technique was to changes in FM, as identified using DXA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Chapter 2 
2.1 Review of literature  
There is a large body of published literature, documenting the physical and 
physiological characteristics of highly-trained, able-bodied athletes from a wide 
variety of different sports (Burke et al.  1986; Claessens et al. ,1994; Legaz and 
Eston, 2005; Gabbett, 2007), however such literature on disabled athletes is sparse. 
The aim of this chapter is to provide a review of the literature, relating to body 
composition and its impact on health and performance in wheelchair athletes. 
Literature searching was undertaken via PUBMED 
(http://www.ncbi.nlm.nih.gov/pubmed), using the following general search headings: 
‘body composition’, ‘disabled athlete’, ‘wheelchair athlete’, ‘athlete’, ‘spinal cord 
injuries’, ‘dual energy X-ray absorptiometry’, ‘skinfold thickness’, ‘bioelectrical 
impedance’, ‘air displacement plethysmography’, ‘cardiovascular disease’ and 
‘metabolic syndrome’. Where specific physiological variables or sports were of 
interest, these were integrated into the search item. Original articles and review 
articles were all included in the search. References of interest from articles obtained 
were also sought.  Table 2.1 describes some of the search terms used and the 
number of hits received: 
 
Table 2.1: A summary of search terms used and number of article results using the 
literature database, PubMed. 
Search term Number of hits 
Body composition 46,835 
Body composition and athletes 868 
Body composition and athletic performance 1,049 
Body composition and disabled individuals 12 
Body composition and wheelchair athletes 6 
Dual energy x-ray absorptiometry and athletes  236 
Body composition and spinal cord injuries 101 
 
2.2 Impact of body composition on health  
Body composition extremes, e.g. excessive thinness (Mitchell and Crow, 2006; 
Fenichel and Warren, 2007) and overweight or obesity (Fox et al. 2007; Kopelman, 
2000) can have serious health consequences. Chronic energy deficits are often 
  
necessary in order to lose body weight and/or achieve a very lean physique. This 
may either be induced by low energy intakes through the diet, large energy 
expenditures through physical activity, or a moderate combination of the two. Large 
energy deficits often lead to nutrient deficiencies and chronically low energy 
availability results in metabolic and hormonal changes (Loucks et al. 1998; Loucks, 
2003a; Loucks et al. 2003b). Ultimately, prolonged low energy availability, however 
induced, can result in a significant loss in muscle mass and fat stores, hypothalamic 
amenorrhea (for female individuals), infertility, bone loss and endothelial dysfunction 
(Hoch et al. 2011), amongst other health-related issues. 
 
Fat is required for normal physiological processes such as energy metabolism, 
hormone production, and absorption and transportation of fat-soluble vitamins, as 
well as specific functions in lipid rich tissues such as the central nervous system, 
bone marrow and breast tissue. Visceral fat is important for the protection of internal 
organs, but excessive visceral fat stores have been shown to have a major 
detrimental impact on health (Fox et al. 2007). Chronic high energy intakes, beyond 
those required for physiological processes and muscular energy expenditure, 
combined with physical inactivity, leads to gains in both subcutaneous and visceral 
adipose tissue. The relationship between excess body fat, particularly excess 
central/abdominal fat and all-cause mortality, is well documented (Folsom et al. 1990; 
Rexrode et al. 1998; Adams et al. 2006; Fox et al. 2007). Whilst it is often a 
combination of risk factors such as obesity, smoking, physical inactivity, that is 
associated with increased risks of health-related diseases e.g. hypertension and type 
2 diabetes (Folsom et al. 1990; Canoy et al. 2004; Carey et al. 1997), obesity has 
been shown to be an independent risk factor for the development of coronary heart 
disease (Canoy et al. 2004). Both overweight and obesity are associated with an 
increased risk of death from all cancers and site-specific cancers (Calle et al. 2003).  
 
2.3 Spinal cord injuries (SCI)  
Following a traumatic (e.g. traffic accident, sporting accident) or non-traumatic (e.g. 
disc degeneration, spina bifida (congenital), transverse myelitis (disease)) SCI, spinal 
nerves will either be completely or partially cut off from the brain. This will result in 
either a complete or incomplete SCI, respectively. An incomplete injury means that 
only part of the spinal column and the associated nerves has been damaged and that 
  
some level of motor or sensory function still exists below the level of injury. Some 
individuals with an incomplete injury may still have complete or partial functioning of 
the lower extremity muscles and may still be able to walk or retain sensations below 
the injury level. A complete spinal injury means that there is a complete transection of 
the spinal cord, resulting in no function below the level of injury. The level at which 
the damage occurs will determine how much muscle function remains (Figure 2.1). 
However, there are two distinct classifications: tetraplegia (quadriplegia) and 
paraplegia. The transmission of motor (efferent) and sensory (afferent) nerves, that 
relay information from and to the brain, from areas innervated below the level of 
injury, are blocked by the scar tissue that forms in the spinal cord. In addition to the 
loss of muscle function, damage to the spinal column can result in dysfunction of the 
bowel and bladder, and disruption of autonomic functions, controlled by the 
autonomic nervous system e.g. heart rate, blood pressure, digestion and 
thermoregulation (Freund et al. 1984; Randall et al. 1966; Price and Campbell 2003). 
A complete loss (tetraplegics), or reduction in sweating capacity and vasomotor 
adjustments (blood distribution), below the level of spinal lesion in SCI individuals 
increases the risk of thermal imbalance, heat illness and premature fatigue during 
exercise, an effect that is worsened with increasing environmental temperatures 
(Price and Campbell, 2003). 
 
  
 
Figure 2.1: Some key spinal nerves and the muscles and organs they innervate. 
Taken from Tweedy and Diaper (2010).  © Human Kinetics. Used with permission. 
 
2.3.1 Tetraplegia (quadriplegia) 
An injury, occurring in the cervical region of the spine, results in nerve damage and 
impairment or complete loss of muscle function in all four limbs. Abdominal and chest 
muscles are also affected, resulting in weakened and shallow breathing, which not 
only impacts on the ability to perform physical exercise, but also impairs the ability to 
cough and clear the chest, resulting in more severe respiratory tract infections. 
Individuals with spinal injuries above the fourth cervical vertebra may require 
breathing support mechanisms, due to loss of control over the diaphragm (Brown et 
al. 2006).   
 
2.3.2 Paraplegia 
The term paraplegia refers to an injury occurring below the first thoracic vertebra, 
resulting in impaired or complete loss of movement and/or sensation below the 
lesion. Understanding the level of injury is useful in predicting which tissues are 
  
affected and the extent of the loss of function. The major loss of function occurs in 
the legs and the extent to which the trunk region is affected is dependent on the level 
of injury. Paraplegics still have full use of their arms and hands. 
 
2.4 The physiological and metabolic changes following spinal cord injury 
2.4.1 Muscle atrophy and cross-sectional area 
Muscle atrophy following an SCI occurs almost instantaneously. In animal studies, 
where spinal cord transaction has been induced, muscle atrophy has been shown to 
occur five days after the injury (Dupont-Versteegden et al. 1998). For ethical reasons, 
invasive testing cannot be conducted immediately after injury in humans, and 
patients must be deemed clinically stable before testing can be conducted. As a 
result, the earliest published data documents changes in muscle fibre cross-sectional 
area and fibre type six weeks after injury (Lotta et al. 1991; Gorgey and Dudley, 
2007). In comparison to able-bodied controls, muscle cross-sectional area of 
incomplete SCI individuals was significantly less and intramuscular fat stores were 
significantly greater (Gorgey and Dudley, 2007). The reduction in cross-sectional 
area of muscle fibres in SCI individuals may be muscle specific. The diameter of the 
tibialis anterior fibres has been reported to be within normal ranges years after injury 
(Rochester et al. 1995), although this is not a common finding (Martin et al. 1992; 
Round et al. 1993). Castro et al. (1999) reported approximately 60% reduction in 
muscle fibre cross-sectional area 6 weeks after injury, in comparison to age-matched 
controls. There was a further 22% decrease in cross-sectional area by week 11 and 
10% decrease by week 24 after injury. Whilst there is a significant reduction in 
muscle fibre cross-sectional area in individuals with an incomplete SCI, as would be 
expected, the magnitude of atrophy was less than that seen in individuals with 
complete lesions.    
 
2.4.2 Fibre type 
Little is known about the time course of change in muscle fibre composition and it is 
much more difficult to quantify, due to the large inter-individual variability in fibre type 
composition of any given muscle. All published data is further complicated by the 
distinction between complete and incomplete spinal injuries and the impact that this 
has on fibre type transformation. Of the data that is available, it appears that the 
major transformations in muscle fibre type involve a reduction in type I slow twitch 
  
muscle fibres, and a progressive increase in type II fast twitch muscle fibres, an 
effect that does not occur in incomplete SCI individuals (Castro et al.  1999; 
Talmadge et al.  2002). This transformation in muscle fibre type continues until a 
steady state is reached some 20-73 months after injury. Not all authors have 
observed such changes in muscle fibre type (Ditor et al.  2004; Schantz et al.  1997), 
suggesting that there may be large inter-individual changes in muscle fibre 
composition. In addition to muscle fibre type changes, research suggests that 
enzymatic changes within the muscle fibre result in a reduction in aerobic oxidative 
energy metabolism and an increase in glycolytic capacity, independent of the 
reduction in type I and increase in type II fibres. Such changes will impact on the 
regulation of energy supply and substrate metabolism, and will reduce the muscles’ 
capacity to utilise fat as an energy source. For a full review on the physiological 
changes to muscles after SCI, the reader is referred to Biering-Sorensen et al.  
(2009). 
 
2.4.3 Metabolic changes 
Increasing levels of intermuscular adipose tissue (fat deposits located between 
muscle bundles) are seen with increasing adiposity in obese individuals, which is 
associated with an increased risk of glucose-intolerance and insulin resistance 
(Boettcher et al 2009). Not only has a higher prevalence of diabetes been reported in 
those with SCI, but the age in which SCI individuals become diabetic has been 
shown to be younger, in comparison to able-bodied individuals (Bauman and 
Spungen, 1994). Furthermore, glucose tolerance has been reported to be worse in 
complete tetraplegics, in comparison to incomplete tetraplegics and incomplete and 
complete paraplegics (Bauman et al. 1999b), an effect that is likely to be due to the 
greater atrophy of lean tissue in higher lesion SCI. Whilst this appears to be the case 
for sedentary SCI individuals, it has been reported that habitual, high-level training 
can help maintain glucose metabolism and insulin sensitivity in SCI athletes 
(Mojtahedi et al.  2008). Adverse lipid metabolism has also been reported in SCI, with 
individuals expressing lower levels of high density lipoprotein (HDL) cholesterol and 
lower ratios of total cholesterol to HDL cholesterol, an effect that has also been linked 
to the level of lesion (Bauman et al.  1998). The combined effect of reduced insulin 
sensitivity, reduced glucose-tolerance, increased abdominal and intermuscular 
  
adipose tissue, places SCI individuals at a greater risk of cardiovascular disease and 
diabetes, highlighting the importance of regular exercise in this group. 
 
2.5 Body composition in disabled sedentary individuals 
Obese, able-bodied individuals are at an increased risk of developing a debilitating 
condition e.g. osteoarthritis, that further exacerbates the severity of the condition and 
the associated impact on disease states, such as the metabolic syndrome (Bray, 
2004). Consequently, this topic has received much attention, yet it is important to 
note that there is a higher prevalence of obesity in disabled individuals, particularly 
those with sensory, physical and/or mental disabilities (Weil et al. 2002). This can 
largely be attributed to lower levels of physical activity and the barriers to exercise 
that this group is likely to face. An increase in body fat can result in a downward 
spiral of health (outlined in Section 2.2) as a direct result of the debilitating impact 
that excess weight has on physical capacity and metabolic changes (Bray, 2004). 
Furthermore, overweight and obesity can have significant negative consequences on 
mental status through the impact that reduced physical capacity has on psychological 
well-being and quality of life (Han et al. 1998).  
 
The impact of a physical disability on body composition is largely influenced by the 
underlying nature of the disability. The greater the severity of the disability, the 
greater the impact on the type of exercise that can be undertaken and the duration 
for which exercise can be performed. For example, the extent of muscle atrophy in 
spinal cord injured (SCI) individuals will largely depend on the level of injury, and it is 
evident that tetraplegics have significantly less muscle tissue than paraplegics 
(McDonald et al. 2007; Gorgey and Gater, 2011). Furthermore, a high level SCI 
(tetraplegic) will have a significant reduction in the number of muscle fibres that can 
be activated in the arms. Therefore, high level SCI individuals are more likely to 
fatigue quicker than a low level SCI (paraplegic) with full innervation of the arms and 
trunk muscles. Whilst it is often irrelevant to compare the anthropometric 
characteristics between disabilities (e.g. the profile of a person with a single leg 
amputation vs. a person with an SCI), it is of interest to compare between disabilities 
with similarities e.g. how the level of spinal dysfunction influences body composition. 
The body compositions of individuals with spina bifida, a congenital disability, have 
been compared to individuals with SCI, a traumatic injury (Liusuwan et al.  2007), 
  
both disabilities being spinal in nature. Spina bifida is a neural tube defect caused by 
the failure of the foetus’s spine to close, which can result in partial or total paralysis of 
the lower limbs, bowel and/or urinary incontinence and loss of skin sensation. SCI is 
a complete or incomplete transection of the spinal column, resulting in complete or 
partial paralysis of the limbs below the injury (paraplegia or tetraplegia), bowel and/or 
urinary incontinence and loss of skin sensation, amongst other factors. Absolute and 
relative FM has been reported to be greater and lean muscle tissue lower in 
individuals with spina bifida, in comparison to SCI individuals (level of spinal injury 
not stated) (Liusuwan et al.  2007). The extent of the reduction in muscle mass will 
partly be influenced by the amount of muscle atrophy resulting from the level at which 
the spinal column is affected. However, the reduction in LM and increase in FM is 
also attributable to secondary factors, such as diet and chosen level of physical 
activity. The level of locomotor impairment and restriction to everyday activities are 
key factors in determining the extent to which a sedentary life is adopted, resulting in 
greater losses in physical fitness and increases in FM (Widman et al 2007). Muscle 
tissue is the major metabolically active tissue. Greater losses in muscle mass are 
associated with greater reductions in metabolic rate and energy expenditure 
(Liusuwan et al 2007), which will have an indirect effect on body composition and 
percentage body fat. 
 
There have been reports demonstrating a higher prevalence of disease states in SCI 
individuals. Osteoporosis in the lower extremities is endemic in wheelchair-bound 
individuals, due to the absence of weight bearing exercise (Kocina, 1997). The 
prevalence of diabetes and cardiovascular disease in SCI individuals is much greater 
than in able-bodied individuals (Bauman and Spungen, 1994, 1999a and 1999b), 
largely due to the increase in FM and muscle atrophy that is a consequence of the 
dramatic changes in body composition that take place post injury. It may also be 
attributed to a reduction in physical activity and the failure to reduce energy intake to 
match new metabolic requirements (Yekutiel et al.  1989; Bauman et al.  1999a; 
LaVela et al.  2006). In SCI individuals, the metabolic abnormalities of glucose-
intolerance, hyperinsulinaemia and depressed HDL-cholesterol levels contribute to 
an increased risk of coronary heart disease (Bauman et al.  1999a). These metabolic 
disorders are attributed, in part, to the denervation of skeletal muscle, muscle 
atrophy, reduction in number of insulin receptors and associated increase in adipose 
  
tissue, particularly central and intermuscular adipose tissue. It is beyond the scope of 
this literature review to go into further detail and readers are referred to Bauman et 
al. (1999b). It has, however, been demonstrated that physical activity can maintain 
insulin sensitivity in SCI individuals, reducing the risk of type II diabetes (Mojtahedi et 
al. 2008). Another considerable health challenge for wheelchair-bound individuals, 
particularly those with impaired motor sensory capacities, is pressure ulcers or deep 
tissue injuries (DTIs). Obesity is thought to be one of the major risk factors for 
wheelchair-bound individuals, due to prolonged compression of soft tissue. It has 
been argued that the greater levels of subcutaneous fat may actually provide some 
cushioning and protection against pressure sores and DTIs by redistributing the 
pressure (Compher et al. 2007). However, it has been documented that the greater 
load that is placed on the underlying tissues with increasing body mass, in 
combination with the muscle atrophy that is seen in the lower extremities in 
wheelchair-bound individuals, contributes to a significant increased risk of pressure 
sores and DTIs (Elsner and Gefen, 2008).  
 
2.6 Wheelchair basketball 
Wheelchair basketball is a high intensity, intermittent sport that can be played by 
individuals with a variety of disabilities, ranging from high-functional classifications 
such as club foot and amputees, neuronal impairment caused by diseases such as 
polio and transverse myelitis, through to congenital disorders such as spina bifida 
and traumatic spinal cord injuries. Each player’s physical abilities are assessed 
through bench testing and game observations, for example trunk stability, wheelchair 
handling and sitting balance, a system that has been validated on an international 
level (International Paralympic Committee (IPC), 2011). Players are assigned a 
score, ranging from 1.0 (minimal functional capacity e.g. high lesion spinal cord 
injury) to 4.5 (maximal functional capacity e.g. single leg, below knee amputation), 
graded in 0.5 units for half-points classes, whose functional characteristics blend 
across two classes. The International Wheelchair Basketball Federation (IWBF) 
stipulates that only five players, totalling 14 classification points are allowed on the 
court at any one time (IWBF, 2008). This system allows individuals with different 
disabilities to compete with and against each other in a fair and scientifically-justified 
means (De Lira et al. 2010).  
 
  
2.7 Impact of body composition on athletic performance 
Numerous factors contribute to athletic success including: 
 genetic (innate ability, muscle fibre composition)  
 psychological (motivation, confidence) 
 environmental (nutrition, technological aids) 
 mechanical (economy of movement) 
 physiological (body composition, lactate threshold, maximal oxygen uptake) 
Morphological characteristics can dictate an athlete’s chosen sport; for example a tall 
and lean physique is desirable for basketball, whilst a short stature and small frame 
is deemed advantageous in gymnastics. More specifically, body composition, the 
amount of FM and FFM, can impact on certain elements of performance, which differ 
depending on the chosen sport. A high level of body fat can have an adverse effect 
on performance by altering mechanics (Cureton and Sparling, 1980; Peyrot et al.  
2010), reducing acceleration and force production (Dempsey et al. 1966; Teunissen 
et al. 2007), and reducing heat exchange (O’Connor et al.  2007), thus increasing the 
risk of hyperthermia. Although there are some exceptions where higher levels of 
body fat are necessary for athletic success e.g. throwers and front row rugby players 
(Duthie et al. 2006; Lundy et al, 2006). For the majority of sports persons, high 
proportions of FM, above the levels required for health parameters such as protection 
of organs, insulation and energy reserves, constitutes an additional load. This will 
reduce power to weight ratio, increase rolling resistance in wheelchair sports, and 
reduce acceleration, speed and agility. Together, these factors will increase the 
energy cost of exercise (Dempsey et al.  1966), impacting on muscle glycogen stores 
and muscle fatigue. This is true for able-bodied and disability sports alike. A linear 
relationship has been reported between body mass and drag force (Coutts, 1992). 
Since power output is a product of drag force and speed, it is suggested that power 
loss must follow a similar linear relationship with increasing body mass (Coutts, 
1992). This provides clear evidence of how body composition can impact on 
wheelchair basketball, as excess body fat would increase drag force, thus reducing 
power output and on-court speed. This is not to say that the lighter the player, the 
faster they will be. On the contrary, as the heaviest player was reported to have the 
quickest speed (Coutts 1992). Instead, functional mass must be a key consideration.  
 
 
  
2.8 The body composition of athletes with a disability 
Morphological characteristics have less of an influence on sport selection in disability 
sport in comparison to able-bodied sport, because in many cases, the disability 
guides the sport selection. For example, athletes must have an impairment that 
affects the mobility of all four limbs to be eligible to play wheelchair rugby, 
tetraplegics cannot play wheelchair basketball, goalball is only played by individuals 
with visual impairments. That being said, certain physical characteristics, deemed 
valuable for certain sports, e.g. arm span length in wheelchair basketball (anecdotal 
evidence), are taken into consideration, alongside other contributing factors to 
sporting success, such as body composition. Wheelchair-bound athletes often have 
body compositions that differ considerably from able-bodied individuals/athletes 
(Maggioni et al.  2003; Gorgey and Dudley, 2007; Sutton et al.  2009; Mojtahedi et al.  
2009). Whilst the differences in body composition will largely be influenced by the 
disability (e.g. spina bifida, polio, SCI etc.), it is often the case that severe muscle 
wastage occurs in the lower limbs, with a concurrent increase in fat storage in these 
areas (Gorgey and Dudley, 2007; Sutton et al.  2009). In comparison to able-bodied 
individuals, upper body musculature is typically well-developed and a greater bone 
mineral density is commonly observed in wheelchair users, particularly wheelchair-
bound individuals (Maggioni et al. 2003; Inukai et al. 2006; Miyahara et al. 2008). 
This demonstrates how habitual wheelchair use can improve upper-body body 
composition and offers greater benefits to skeletal health in this region.  
 
2.9 The assessment of body composition of athletes with a disability 
There is a wealth of data available on the body composition of elite able-bodied 
athletes from a large array of sports (Houtkooper et al.  2001; Lee et al.  2002; 
O’Connor et al.  2007; Gabbett, 2007; Drinkwater et al.  2008). In contrast, there is a 
distinct lack of published data regarding their disabled counterparts. It is important to 
understand the body composition of disabled athletes, in order to develop normative 
data and provide the relevant advice. In order to do this effectively, it is necessary to 
accurately determine body composition with a technique that is able to detect small, 
yet meaningful changes. The difficulty lies in finding a technique that produces such 
accurate measurements.  
 
  
Studies have been conducted, comparing techniques such as potassium 40 (Lussier 
et al. 1983) and air displacement plethysomography (Classey and Gater, 2005) to 
HW, which have reported a good correlation between measures of adiposity. 
However, HW is no longer considered a gold standard technique against which other 
techniques can be validated, as it applies the principles of densitometry (discussed 
further in Section 2.12), which may not be applicable to disabled individuals. Sutton 
et al. (2009), compared percentage body fat, determined by using skinfold values 
and SPE, to percentage body fat estimated by DXA, in a group of female wheelchair 
athletes. The authors reported a disagreement between the data from both 
techniques, whereby anthropometric equations tended to under-report total 
percentage body fat in the wheelchair athletes, in comparison to data provided by the 
DXA. These findings confirmed those previously reported by Maggioni et al.  (2003). 
This highlights the inaccuracies that may occur when using such techniques in this 
group and how it is of importance to develop and validate techniques to 
measurements taken from DXA, CT or magnetic resonance imaging (MRI) and not 
HW. It is also clear how sparse the published data is in this field and how more 
research is necessary. 
 
2.10 Methods for assessment of body composition 
A variety of techniques are available to assess body composition in athletes. These 
include field-based methods, e.g. skinfold callipers, and those that require minimal 
equipment, such as BIA, through to laboratory-based techniques, e.g. HW, ADP and 
DXA. Due to the need to have a greater understanding of FFM in athletic populations 
and to be able to quantify small changes in body composition and its impact upon 
performance, the inclusion of 3-C models are becoming more common place. One of 
the major factors determining the use of any of these techniques within sports and 
groups of athletes is cost. However, other important considerations include 
accessibility, transportability, accuracy and time required to perform the assessment.  
 
In elite sport, it is important to be able to monitor changes in both FM and FFM to 
assess the impact of training and nutrition programmes. An athlete may achieve their 
target competition weight, however if this weight loss has been achieved through 
reductions in FFM, with minimal changes in FM, more appropriate interventions need 
to be designed. Some of the most widespread methods available, such as skinfolds, 
  
BIA, ADP and HW, may not be sensitive enough to detect small, yet significant, 
changes. Computerised tomography and MRI are two of the most accurate 
techniques that can be used to provide a 3-C analysis of body composition. Both of 
these techniques are considerably more expensive and CT scans expose individuals 
to much higher radiation doses than DXA, reducing the practicality and availability for 
use in body composition assessments outside of the clinical setting. 
 
Two compartment models such as skinfold measurement (when used in conjunction 
with body density and SPE), BIA and plethysmography (air and water), estimate body 
composition, based on the theory that the body consists of two distinct 
compartments; FM and FFM. FM refers to all lipids in the body, whilst FFM refers to 
muscle, bone, water and all other non-fat components. Assumptions are made 
regarding the density and hydration of these tissues (FM: 0.900g/cm3 (Fidanza et al.  
1953) FFM: 1.100g/cm3 (Brozek et al.  1963), with a water content of 73.72% (Brozek 
et al.  1963)) and that these remain relatively constant. These methods do not 
account for changes in the densities of FM and FFM as a result of age, sex, body 
fatness, ethnicity, disease state, disability, or those, which may arise as a result of 
physical training, as with highly-trained athletes (Evans et al. 1999; Prior et al. 2001). 
Bone has a lower water content and a higher density than muscle tissue. As 2-C 
methods do not distinguish between bone and bone-free components in FFM, any 
significant changes in bone mass, as a result of disease state e.g. osteopenia and 
osteoporosis, may result in further errors in the measurements of body composition. 
This is of significance in wheelchair-bound, disabled athletes, who experience such a 
dramatic loss of bone density in the lower extremities (Miyahara et al.  2008).  
 
2.11 Anthropometric and skinfold measurements  
Anthropometric data, such as body mass, and skinfold thickness provides a relatively 
quick and cost-effective field technique, which can be used to track changes in body 
composition. Skinfold callipers are used to measure the thickness of a fold of skin 
and adipose tissue at specific anatomical sites, to provide a quantitative assessment 
of subcutaneous adipose tissue. When taken in conjunction with limb 
circumferences, the data collected can be used to estimate body density. A number 
of published equations can be used to estimate body density from skinfold 
measurements, such as those of Katch and McArdle, (1973), Sloan (1967), Wilmore 
  
and Behnke, (1969) and Withers et al.  (1987) (Table 2.2). Body density can then be 
applied to Siri’s (1956) equation in order to determine percentage body fat: 
 
% fat = ((4.95/density) – 4.50) x 100 
 
This method, as with all estimates of body composition, has its limitations. In order to 
calculate body density, an assumption is made about the density of FM: 0.900g/cm3 
(Fidanza et al.  1953) and FFM: 1.100g/cm3 (Brozek et al.  1963). 
 
Table 2.2: Male specific body density equations that can be applied to skinfold data 
(SKF = skinfold (mm), BD = body density) 
Author Body density equation  
Thorland et al (1984) BD = 1.1091-0.00052(X1)+0.00000032(X1)2 
 X1 = Σ7 skinfolds (triceps, subscapular, mid-axilla, iliac crest, 
abdominal, front thigh, medial calf) 
  
Wilmore and Behnke 
(1969) 
BD = 1.08543-(0.000886 x abdominal SKF)-(0.00040 x front 
thigh SKF) 
  
Withers et al (1987) BD = 1.0988-0.0004(X1) 
 X1 = Σ7 skinfolds (triceps, subscapular, biceps, supraspinale, 
abdominal, front thigh, medial calf) 
  
Sloan (1967) BD = 1.1043-(0.001327 x front thigh SKF)-(0.001310 x 
subscapular SKF) 
  
Katch and McArdle 
(1973) 
BD = 1.09665-(0.00103 x triceps SKF)-(0.00056 x subscapular 
SKF)-(0.00054 x abdominal SKF) 
  
Forsyth and Sinning 
(1973) 
 
BD = 1.10647-(0.00162 x subscapular SKF)-(0.00144 x 
abdominal SKF)-(0.00077 x triceps SKF)+(0.00071 x mid-axilla 
SKF) 
  
Durnin and Womersley 
(1974) 
BD = 1.1765-0.0744(log10X1)  
X1 = Σ4 skinfolds (tricep, bicep, subscapular, iliac crest) 
 
Hume and Marfell-Jones, (2008) demonstrated how important it is to adhere to the 
International Society for the Advancement of Kinathropometry (ISAK) protocol when 
taking skinfold measurements, due to the differences in readings obtained just 1cm 
away from the recommended sites. They also highlighted the differences in readings 
obtained from different assessors, who took measurements from the same sites, 
highlighting the importance of using the same tester for each assessment to minimise 
error. 
 
  
Taking skinfold measurements from individuals with a lot of excess body fat is 
technically very difficult and could affect the validity of the measures (Gray et al.  
1990). Firstly, obtaining an adequate skinfold measurement, with two layers of skin 
and subcutaneous fat that fold in a parallel fashion, is an issue when subcutaneous 
fat levels are high. This in itself will prevent an accurate measure being taken. 
Secondly, skinfold callipers may not be large enough to accommodate the skinfold, 
also preventing a measure being taken. The limitations in using SPE to establish 
body density and percentage body fat are clear and several studies have already 
reported how such generalised equations are unable to predict percentage body fat 
in paraplegics (Bulbulian et al.  1987) with a tendency to underestimate FM in 
individuals with a SCI (Maggioni et al.  2003; Sutton et al. 2009).  
 
2.12 Air displacement plethysmography 
Hydrodensitometry (hydroastatic/under water weighing) was previously the most 
common method of densitometry. However due to methodological issues, such as 
expense, extensive equipment and time-consuming procedures, in addition to the 
anxiety- provoking process of full body water immersion, which is either deemed as 
unpleasant, difficult or, in some cases, impossible for the subject (particularly in the 
elderly, obese or disabled), the widespread application of this technique is limited. 
The development and refinement of the ADP technique, which is much less 
burdensome on the subject, less time-consuming and more cost-effective, has led to 
the preference of this technique over HW.  
 
There is currently only one commercially available system used to estimate body 
composition, using the technique of ADP; the BodPod. The principles of this 
technique are that the plethysmograph indirectly calculates body volume, by 
measuring the volume of air, displaced by the presence of a subject within the test 
chamber and by applying Poisson’s Law, which accounts for changes in pressure 
and volume under adiabatic conditions (for further details the reader is referred to 
Fields et al. 2002). Once body volume is determined, body density can be calculated, 
using the principles of densitometry (body density = mass/volume). Percentage of fat 
and fat free mass can then be determined using the Siri (1956) equation. For a 
detailed description of the operation of this system, the reader is referred to 
Dempster and Aitken, 1995. 
  
 
Validation studies on ADP have yielded mixed results. McCrory et al.  (1995) 
assessed the reliability and validity of the BodPod by comparing the data to their 
criterion method of HW. They reported a correlation coefficient of 0.93 between 
percentage fat derived from the two techniques and a between-trial coefficient of 
variance of 1.7% ± 1.1% and 2.3% ± 1.9% for the BodPod and HW, respectively. A 
number of other studies have reported similar findings for reliability (Collins et al.  
1999; Noreen and Lemon, 2006) and validity (Ballard et al.  2004). However, there 
are issues with this technique, namely that the reliability of the BodPod has only been 
assessed on the same day (McCrory et al.  1995; Radley et al.  2003), and validity of 
this technique has been compared to that of HW, which also makes assumptions on 
the density of FM and FFM for HW, or BIA, which makes assumptions about fluid 
balance and the water content of FFM (Withers et al.  1987; Biaggi et al.  1999). To 
address this, a number of studies have assessed the validity of ADP in comparison to 
DXA and have still reported high correlation coefficients and support the use of this 
technique in healthy adults (Lussier et al.  1983; Biaggi et al.  1999), female athletes 
(Ballard et al.  2004) and obese individuals (Ginde et al.  2005). 
 
There are, however, a number of studies, which have recorded less favourable data, 
with regard to the validity of this technique. Collins et al.  (1999) compared ADP with 
both HW and DXA and found that whilst there was a good correlation between 
percentage fat determined by ADP and HW (r = .89) and ADP and DXA (r = 0.89), 
percentage FM was underestimated, when using the ADP technique, in comparison 
to both HW and DXA. In addition, Moon and co-workers (2009) reported that ADP 
resulted in an overestimation of percentage FM, as body fat levels increased, and an 
underestimation in percentage FM in leaner individuals. The authors reported limits 
of agreement of -5.38% to 5.19% for percentage fat, suggesting that ADP may lack 
precision and may not be sensitive enough to detect small changes in body 
composition. These findings were supported by Radley et al.  (2003) and suggest 
that the accuracy of ADP is not yet sufficient to replace techniques such as DXA.  
 
The advantage of this technique is that it provides a non-invasive estimation of body 
composition, which overcomes some of the constraints imposed by other laboratory-
based techniques, such as time, cost, radiation and whole body water immersion. 
  
Given the issues discussed with assessing body composition, using the previously 
stated criterion method of HW, it would be of significant interest to see if ADP can 
accurately and reliably assess body composition in disabled athletes, to determine 
the relevance of its application. There is currently no published data to suggest that 
ADP should not be used in a group of athletes with a disability, but, given the findings 
of Moon et al.  (2009), it is unclear how accurate a technique this is in a disabled 
population, whose lean and fat tissue distribution sit outside the normative data range 
(Maggioni et al. 2003). 
 
2.13 Bioelectrical impedance (BIA) 
Bioelectrical impedance is a commonly used method for estimating FM and FFM 
through the measurement of total body water content (TBW). The principle behind 
BIA is that the resistance of a homogenous material that is uniform in its cross 
sectional area, is directly proportional to its length and inversely proportional to the 
cross sectional area. Therefore, as the cross sectional area increases, the resistance 
decreases. Whilst this is sound in theory, issues arise in applying these principles to 
the human body, as it is neither a uniform cylinder nor a homogenous material. 
Instead the BIA technique established a relationship between lean mass, which is 
typically 73% water and the subject’s height2/resistance. 
 
The methodological basis for this technique involves the application of a known low 
level current through the body tissues. As water and electrolytes are natural 
conductors, the current flows freely through the intra- and extra-cellular fluids. 
Phospholipids found in the cell membranes and the adipose tissue act as capacitors, 
impeding the spread of the current, thus increasing impedance. Impedance is 
affected by many factors, some of which include disease, body position, nutritional 
status, hydration and electrolyte balance of the body tissues it passes through.  
 
BIA equipment became popular because it is portable, safe and cost-effective, the 
procedure is simple, quick, non-invasive and the results are reproducible (Lukaski et 
al. 1985). However, the accuracy of the technique remains questionable, due to the 
impact that body water stores have on the measurement. BIA does not directly 
measure fat or FFM. It estimates the quantity of these tissues based on inferences 
made from known body structure i.e. shape and water content. The electrical 
  
impedance, in conjunction with the weight, height, age and gender of the subject, is 
used to estimate TBW content, which is in turn used to determine FFM (FFM.) FM 
(FM) is then calculated by subtracting FFM from total body mass. For a full review, 
the reader is referred to Kyle et al.  (2004). All of these calculations have been 
derived from data obtained from able-bodied healthy subjects, therefore, issues will 
arise when used on people with significant body asymmetry – amputees and 
neuromuscular conditions that cause tissue atrophy such as SCI. Despite the known 
disadvantages of this technique, the purpose for assessing the reliability and validity 
of BIA for the estimation of body fat and FFM in disabled athletes is the same as for 
able-bodied athletes, in that it is portable, cheap, quick and non-invasive. However, 
whether or not it is reliable in this specific group is still to be determined. 
 
Body composition results obtained by BIA have been reported to provide reliable 
results (Fornetti et al.  1999; Levenhagen et al.  1999), but, when percentage body 
fat obtained by this method was compared to values by HW, correlation coefficients 
of 0.71 and 0.76 were reported, which was lower than those obtained using the SPE 
(Levenhagen et al.  1999). Similar findings have been documented when comparing 
BIA to DXA in heptathletes (Houtkooper et al.  2001) and healthy individuals (Leahy 
et al.  2011). Both studies demonstrated how BIA can both over- and underestimate 
body fat in healthy individuals.  A recent study (Mojtahedi et al.  2009) compared data 
from BIA with that from DXA in spinal cord injured athletes. Their results revealed a 
substantial under prediction of percentage FM by BIA in both men and women, 
providing further evidence that this technique is not an accurate means of assessing 
body composition. As stated in a review article by Houtkooper et al.  (1996), BIA is an 
appropriate technique to estimate body composition in large epidemiological studies 
instead of body mass index (BMI), but its accuracy is limited in individuals.  
 
 
 
  
Author 
Number of 
subjects Subject characteristics FM (%) FM (kg) FFM (%) FFM (kg) 
Gorgey & Gater, (2011)   7 Tetraplegic sedentary males  20.2 ± 7.6  42.9 ± 7.0 
  25 Paraplegic sedentary males  22.5 ± 9.2  50.5 ± 7.5 
Jones et al.  (1998)   5 Paraplegic sedentary males 30.1 ± 9.0 24.0 ± 13.6  48.7 ± 6.7 
    2 Able-bodied sedentary males  16.6 ± 5.0 12.6 ± 4.9  57.9 ± 3.7 
Liusuwan et al.  (2007) 33 SCI 26.7 ± 9.1 14.6 ± 6.3  37.6 ± 9.2 
  66 Spina Bifida 38.9 ± 9.4 24.3 ± 10.3  34.8 ± 8.5 
  85 
Able-bodied, normal weight 
controls 21.2 ± 7.1 12.3 ± 4.6  44.0 ± 8.9 
  31 
Able-bodied, overweight 
controls 39.0 ± 8.1 35.5 ± 12.7  54.2 ± 12.3 
Maggioni et al.  (2003)  13 SCI sedentary males 31.1 ± 8.2  62.2 ± 8.9  
  13 Able-bodied sedentary males 20.8 ± 6.9  73.5 ± 6.4  
Maruyama et al.  (2008)  44 SCI sedentary males  22.2 ± 8.9  38.5 ± 6.4 
 50 Able-bodied sedentary males  16.0 ± 5.9  49.6 ± 5.4 
Table 2.3: A summary of the published body composition data on disabled individuals in both the sedentary and athletic 
populations. SCI = spinal cord injured  
  
 
 
McDonald et al.  (2007)  
Able-bodied sedentary males 
and females  14.9 ± 1.2  48.2 ± 1.0 
  Paraplegics  19.3 ± 1.3  37.6 ± 1.1 
  Tetraplegic  11.7 ± 3.0  32.8 ± 2.5 
 
Goosey-Tolfrey & 
Crossland (2010)  14 Wheelchair female athletes  32.9 ± 6.7    
   9 Wheelchair male athletes  21.1 ± 5.6    
Miyahara et al.  (2008) 28 SCI male athletes 24.0 ± 5.7   45.2 ± 5.9 
  25 Able-bodied male athletes  12.8 ± 3.9   53.1 ± 4.7 
Mojtahedi et al.  (2008) 14 SCI athletes (7 men, 7 women) 25.1 ± 7.0 14.3 ± 4.0  41.7 ± 10.0 
  17 
Able-bodied sedentary controls 
(8 men, 9 women) 26.5 ± 7.2 19.1 ± 5.0  51.9 ± 12.8 
Sutton et al.  (2009) 19 Wheelchair female athletes 33.0 ± 6.3    
  19 Able-bodied sedentary females 30.4 ± 5.2    
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2.14 Dual energy X-ray absorptiometry (DXA) 
The theoretical principle of DXA is that the x-rays emitted from the generator are 
attenuated, as they pass through the body’s tissues, the extent to which is a direct 
function of the tissue composition. The DXA scan first separates data into bone-free 
soft tissue and bone mineral tissue. Bone-free soft tissue is further separated into FM 
and FFM, using the ratios of x-ray attenuation. Pixel by pixel analysis of each DXA 
scan allows for this detailed separation of bone mineral, FM and FFM to be 
estimated. This also lends itself to breaking down whole body scans to provide 
regional measurements, which serves to highlight specific areas of change. Due to 
the detail in which DXA is able to analyse body composition, it can detect small 
changes, making it an ideal method for assessing body composition in athletes. 
Other major advantages of DXA scans are that they provide a relatively quick 
analysis of body composition, which is non-invasive and of no discomfort to the 
individual. As with any technique, it has its disadvantages. DXA uses ionising 
radiation and whilst the effective dose equivalent for the whole body scan is less than 
1 μSv, (less than 100th of the radiation received during a chest x-ray), it is considered 
a disadvantage of the technique. A second issue refers to body thickness. As the 
body thickness increases (with muscle and/or fat) the number of x-ray photons 
penetrating the body decreases in a non linear fashion, making measurements more 
difficult. Increasing the energy of the x-ray beams does allow better penetration, 
however, it also compromises the data by blurring the contrast between fat and lean 
tissue, which is undesirable. Thirdly, whilst the amount of tissue lying over and under 
the bone can be measured, its actual composition cannot be determined and, 
therefore, must be estimated. 
 
Dual energy X-ray absorptiometry has been used as a criterion method to which 
other techniques are compared. The issue with determining the accuracy and 
reliability of DXA in the estimation of body composition is that there are few other 
criterion methods to compare it to. Computerised tomography and MRI have shown 
excellent correlations to cadaver validation studies, making these ideal techniques to 
validate the accuracy and reliability of DXA. However, due to the level of radiation 
associated with CT scans, the expense, and limited accessibility of both CT and MRI 
equipment, such studies are not in abundance. Chen et al.  (2007) reported high 
correlation coefficients between whole body and regional FM and FFM as determined 
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by DXA and MRI scans. Similarly, Levine et al.  (2000) reported a strong agreement 
in lower limb FM from DXA in comparison to their criterion method of CT. However, 
when DXA FFM was compared to a single CT image, muscle tissue was consistently 
underestimated with DXA. This was addressed by comparing DXA values with multi-
slice CT image, which, despite consistently overestimating FFM, resulted in a 
correlation coefficient of 0.96. These studies support the use of DXA in accurately 
assessing body composition. 
 
The use of DXA in assessing body composition in wheelchair-bound athletes has 
been employed by a number of researchers (Table 2.3). Such studies have provided 
a valuable insight into SCI athletes and able-bodied controls. Maggioni et al.  (2003) 
demonstrated the marked difference in FM and FFM between spinal cord injured 
individuals and able-bodied controls. Whole body, lower limbs and trunk percentage 
fat was significantly higher, and whole body, lower limbs and trunk FFM was 
significantly lower than the controls. These findings have been replicated in spinal 
cord injured athletes(Sutton et al. 2009), showing how whole body and all segmental 
regions of percentage FM were greater, and whole body, lower limbs and trunk FFM 
were lower when compared to able-bodied athletes (Miyahara et al.  2008). 
 
2.15 Summary 
After reviewing the previous literature, the need for a greater understanding of the 
morphological, physiological and metabolic changes that occur in individuals with a 
disability and its impact on body composition parameters is of importance. Paralysis 
of the lower extremities, the muscle wastage that ensues and the associated 
increase in body fat can have significant health and performance consequences. 
Appreciating the impact that training and nutritional interventions may have in 
reducing body fat, maintaining upper body muscle-mass and reducing the risk of 
metabolic disorders, is of great benefit  to practitioners working with disabled 
athletes/individuals. The ability to accurately assess changes in body composition is 
therefore paramount in assessing the effectiveness of the intervention and monitoring 
progress. In order to do this as quickly and cost effectively as possible, whilst also 
providing accurate and reliable data, the practitioner must have a clear 
understanding of the limitations of certain assessment techniques in wheelchair 
athletes, in order to select the most appropriate method. There is a lack of consensus 
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in the literature, regarding the most appropriate techniques that can be employed in 
this group. This thesis will build on the current literature by examining the use of 
specific methodology, its ability to provide accurate data in comparison to DXA and 
its ability to track changes in body composition over an extended period of time. 
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Chapter 3 
General methods 
To avoid the replication of methods that are common to Chapters 4-6, detailed 
descriptions are provided in this chapter. 
 
3.1 Participant recruitment and training characteristics 
Approval for the studies described in chapters four to six were obtained from the 
University Research Ethics Committee and the National Research Ethics Service. 
Prior to participating in any studies every individual involved was made aware of the 
requirements and gave written informed consent. All participants were part of the 
Great Britain Men’s Wheelchair Basketball World Class Performance Programme 
and trained to an elite level (>10 - <15 hours per week, excluding the off season). A 
questionnaire was administered to all participants to determine the nature of their 
disability and wheelchair sporting experience. Information included number of years 
participating and the current training status/schedule. 
 
Participants were asked to refrain from exercise and consuming alcohol and caffeine 
for 12 hours, and eating or drinking at least 2 hours before each testing session, to 
control for hydration status. Participants were provided with a urine collection pot 
prior to each visit to the laboratory. Participants were instructed to provide a small 
urine sample, which was to be collected on awakening, the morning of testing. Urine 
osmolality was assessed using an Osmocheck (Vitech Scientific Ltd, West Sussex, 
UK), to determine hydration status. After reporting to the laboratory for the first time, 
participants confirmed they had read the information sheet detailing the requirements 
of the study and provided written consent to take part in the study by signing the 
consent form. Each participant completed a health and training questionnaire, and a 
24 hour dietary recall. The 24 hour dietary recall was photocopied and sent to each 
participant one week prior to subsequent visits, in order to standardise food and fluid 
intake the day before returning to the laboratory. 
 
3.2 Inclusion and exclusion criteria 
The NHS ethics proposal stated that individuals would not exceed 24μSv for the 
entire duration of the study. One whole body scan results in an effective dose of 
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approximately 1μSv. Participants were eligible for inclusion into the studies presented 
in this thesis if they met all of the following criteria: 
 over the age of 18 
 engaged in at least 9 hours of training per week 
 eligible for competition in Paralympic sport 
In line with the initial NHS ethical approval, participants were excluded from the study 
if they responded ‘yes’ to any one of the following: 
 Do you have a medical condition that would be adversely affected by 
exposure to ionising radiation? 
 Have you been exposed to X-rays (either medical or through participation in 
research) in the last 12 months? 
 Have you been subject to high levels of ionising radiation exposure (e.g. 
radiotherapy) in the last 12 months? 
 Do you have regular contact with ionising radiation (e.g. work environment)? 
 
The above exclusion criterion was initially included in the present thesis as it was 
used in previous studies utilising DXA scans, in order to avoid including those with 
higher exposure to ionising radiation. This criteria significantly limited the pool of 
athletes available to participate in studies outlined in this thesis, due to X-rays and 
other scans being performed as part of individual ongoing specialist care as a result 
of the individuals disability, and/or as a result of muscular or bone related injuries 
resulting from training or competing in wheelchair basketball. This resulted in a 
limited sample size that was not representative of the population being examined. 
Due to the low radiation doses associated with this thesis, an amendment to the NHS 
ethical board was applied for and granted. This allowed the removal of the exclusion 
criterion that was both limiting the recruitment of, and preventing the retention of 
participants. The updated exclusion criteria were as follows: 
 Do you have a medical condition that would be adversely affected by 
exposure to ionising radiation? 
 Have you been subject to high levels of ionising radiation exposure (e.g. 
radiotherapy) in the last 12 months? 
 Do you have regular contact with ionising radiation (e.g. work environment)? 
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Table 3.1. A summary of participation numbers in each study and reasons for 
exclusion. 
Study 
number 
Participant 
numbers 
Exclusion criteria 
Study 1 12 out of 19 1 participant was too tall for the DXA machine* 
1 participant was too broad for the DXA machine* 
1 participant could not be positioned due to his disability 
4 participants were not available for testing 
Study 2 
Study 3 
16 out of 19 1 participant was too tall for the DXA machine* 
1 participant was too broad for the DXA machine* 
1 participant could not be positioned due to his disability 
*Note: participants who were either too tall or too broad to fit on the DXA scan 
machine, were scanned in two sections. These scans could not be used for research 
purposes due to the increased error introduced. 
 
3.3 Anthropometric measurements 
Body mass (BM) was measured in minimal clothing, to the nearest 0.1 kg using a 
wheelchair double beam scale (300 series, Marsden, London, UK) (see Figure 3.1). 
Height was measured in the supine position to the nearest 0.1 cm with a Luftkin 
measuring tape. For participants who had a double amputation, height was 
measured using the same methodology, but height was taken from the head to the 
point of amputation. For participants who were unable to lie straight, body length was 
calculated from the sum of body segments. Body mass index (BMI) was then 
calculated by dividing body mass by height squared (kg/m2).  
 
 
 
 
 
 
 
 
 
 
 32 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: Visual demonstration of the collection of body mass from participants 
who were wheelchair bound. 
 
3.4 Skinfolds 
An eight site skinfold profile was performed on all athletes, unless access to specific 
skinfold sites was inhibited due to disability or absence of limbs, in which case, as 
many measurements were taken as possible. All measurements were made in 
accordance with the protocols stated by ISAK, by the same trained investigator, 
using a set of Harpenden Skinfold Callipers (Baty International, West Sussex, UK). 
The eight site profile included the following sites: biceps, triceps, subscapular, iliac 
crest, supraspinale, abdominal, anterior thigh and medial calf. For non-wheelchair 
bound individuals, skinfold measurements were taken standing up. For wheelchair 
bound athletes, skinfold measurements were taken in the seated position, out of their 
wheelchair, in the same seat at each testing date (as shown in Figure 3.2). The seat 
used did not have any arm rests to allow for better access to the iliac crest and 
supraspinale. Each measurement was taken in duplicate and an average of the two 
measurements was recorded. Body density was calculated using the equations from 
Katch and McArdle (1973), Withers et al (1987), Willmore and Behnke (1969) and 
Sloan (1967), shown previously in Table 2.2. Body fat percentage was then 
estimated using the Siri equation (1956): % fat = (4.95/density – 4.50) x 100. 
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Figure 3.2: Visual demonstration of the collection of skinfold measurements from 
participants who were wheelchair bound. 
 
3.5 Dual energy X-ray absorptiometry (DXA) examinations 
Body composition was assessed using a Lunar Prodigy Advance dual X-ray (DXA) 
absorptiometry scanner (GE Lunar, Madison, WI, USA) running version 12.20, 
Encore 2006 software. Standard quality assurance and calibration of the DXA 
scanner with a phantom was performed, prior to the use of the machine, to detect 
and correct for any drift. All scans and analyses were performed by the same two 
trained operators. 
 
Participants wore loose fitting, light weight clothing with no metal or reflective material 
and all jewellery and prostheses were removed. Participants were asked to identify 
any metal fixtures e.g. surgical pins, prior to the scans being performed. Metal 
fixtures will affect measures of bone density, however, if known, adjustments can be 
made manually by the technician during analysis to account for their presence. Each 
individual was aligned supine on the bed and appropriately positioned, as closely as 
possible to the standard protocols, given the limited range of motion in some 
participants, whilst attempting to minimise positions that might produce spasms or 
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other movement and any discomfort. Velcro restraints were applied around athletes’ 
knees and ankles to minimise movement during the scan, unless this was not 
possible because of the disability.  
 
Each scan was reviewed by the technician, so that regional measurements could be 
determined by the manual positioning of markers. Most scans required manual 
repositioning of regions of interest, due to either the absence of, or the deformity of, 
standard bony landmarks in this specific cohort. 
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Chapter 4 
Study 1: Measurement precision of body composition variables in elite 
wheelchair athletes, using dual-energy X-ray absorptiometry. 
 
4.1 Introduction 
Body composition is a key element in athletic performance and varies significantly 
across sports and disciplines/positions within a sport (Gabbett, 2007; Malousaris et 
al.  2008). Body composition analysis measurements have been used to identify an 
individual’s optimal training and competitive physique, assess nutritional status and 
to quantify changes that occur in fat and FFM as a result of changes to training 
programmes and nutritional interventions (Burke et al. 1986; Morris and Payne, 1996; 
Egan et al.  2006). Consequently, it is important to employ a method that will obtain 
accurate quantitative measures.  
 
In athletes with a disability, particularly those which arise as a direct result of an 
injury/accident e.g. spinal cord injuries, significant changes in body composition 
occur. These are largely as a result of muscle disuse and the associated atrophy 
(Lotta et al.  1991, Gorgey and Dudley, 2007; Sutton et al. 2009), along with the 
reduction in gravitational loading and associated loss of bone (Wilmet et al. 1995; 
Gorgey and Dudley, 2007). In addition to a reduction in muscle and bone tissue, 
there is an increase in subcutaneous and intramuscular fat storage, largely due to 
energy intakes exceeding requirements and a reduction in physical activity (Gorgey 
and Dudley, 2007). As with able-bodied athletes, it is important to employ a 
technique that can provide accurate and reliable assessments of body composition 
that is able to distinguish small changes in FM and FFM. Field techniques such as 
skinfolds and BIA may have limited applicability in certain disability athletes. The 
absence of limbs (amputation or congenital deformities) or other physical changes 
that may occur with congenital disorders such as spina bifida, may alter the amount 
of information that can be obtained (e.g. fewer skinfold sites), render the standard 
measurement protocols impossible, due to the absence of limbs for the placement of 
electrodes, or make the assumptions made in body composition estimation invalid. 
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Dual energy X-ray absorptiometry is becoming a preferred in vivo measure of whole 
body composition, as it is a relatively quick and non-invasive technique, that provides 
whole body measures of FM, bone mass (BM) and LM. This particular technique 
offers some additional advantages over the use of other methods in the disabled 
population, as it distinguishes between bone and bone-free mass and is less 
dependent on tissue distribution. All in vivo measurements of body composition are 
subject to measurement error, which may be greater in elite athletes and disability 
athletes, who differ in body composition from groups against which these techniques 
have been validated. Whilst DXA is a well-established tool for assessing bone 
mineral status (Genant et al 1996; Kanis & Gluer 2000), its accuracy in determining 
whole body composition has received relatively less attention. Evaluations have been 
made using chemical analysis of whole pig carcasses, which have reported good 
correlations between whole body tissue composition, as determined by DXA scans  
(Svendsen et al.  1993). In vivo validation describes DXA as a useful tool in the 
assessment of FM and FFM, providing accurate (SEE = 2.8%) assessments of body 
composition, relative to a 4-C model, in individuals who vary in ethnicity, gender, 
musculoskeletal development (athletic and non-athletic populations) and body 
fatness (Prior et al.  1997). More recently, comparisons have been made with ‘gold 
standard’ tools of MRI and CT, which have been previously validated against 
cadaveric analysis (Mitsiopoulos et al.  1998), and studies have demonstrated a good 
correlation between DXA and CT measures of LM and FM in the thigh (Levine et al.  
2000).  
 
Accurate measures demand precise techniques. Having one without the other is of 
little use in the clinical/research setting. Kiebzak et al.  (2000) analysed the precision 
of DXA in male and female participants over four consecutive days. The authors 
reported CV values of less than 3% for all whole body and segmental body 
composition measurements including BMD, BMC, FM (%), FM (g), FFM (g) and 
tissue mass (g). Exceptions included trunk and arm fat, and trunk BMC, which were 
3.1%, 4.3% and 3.7% respectively. To the author’s knowledge, there is no published 
data regarding the reproducibility of DXA in disability athletes. Therefore the purpose 
of this study is to determine the reproducibility of body composition measurements by 
DXA in elite, disabled athletes, and to determine the smallest change, that can be 
detected in an individual, when assessed longitudinally.  
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4.2 Methods  
The general methodology is described in Chapter 3, where the reader is referred for 
a detailed account of the methods common to all three studies presented in this 
thesis.  
 
4.2.1 Participants 
From a pool of 19 elite male Wheelchair Basketball players, 12 met the criteria 
required to participate in this study (see Chapter 3, section 1). Participants’ 
characteristics are presented in Table 4.1. The range of disabilities and sporting 
classification, according to the International Wheelchair Basketball Federation (IWBF 
2010), is shown in Table 4.2.  
 
4.2.2 Anthropometric measurements 
The procedures described in the general methods (see Chapter 3, section 4) were 
used to obtain the height and weight of the participants, as part of the physical 
characteristics displayed in Table 4.1. 
 
4.2.3 DXA examinations 
Two whole-body scans were performed on each participant on the same day using 
the procedures outlined in Chapter 3, section 6. In-between each scan, the 
participant dismounted the scanning table and was then repositioned before 
performing the second scan. This method allowed the variation, resulting from both 
technical and positioning errors, to be assessed. Both scans were taken in the supine 
position and were performed and analysed by the same technician, to rule out errors 
associated with differences in testers. The three compartments measured were BMC, 
FM and LM. Values were calculated for the total body, the arms (left and right), the 
trunk, the upper body (trunk and arms) and the lower limbs. Total body percentage 
FM was obtained from the FM divided by the total-body mass.  
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4.3 Statistical analyses 
The root mean square standard deviation (RMS SD) and CV (%) were calculated 
according to the methods described by Gluer et al (1995), using untransformed data. 
In addition, the least significant change (LSC) was calculated as described by Leslie, 
(2008): 
 
         LSC = 2.77 X root mean square SD 
 
A paired t-test was run, in order to determine if differences were present between 
scan 1 and scan 2, using the Statistical Package for Social Sciences (SPSS) version 
16.0, with a significance level of p=0.05.  
 
4.4 Results 
There was a large range in the athletes’ age (25-46 years), body mass (54.2-97.2kg) 
and height (1.27-1.93m), which was still evident once participants’ physical 
characteristic data had been further grouped, according to the IWBF classification 
system (Table 4.3). An overview of the participants’ segmental and total body 
composition is shown in Figure 4.1. This data was further broken down into 
segmental and total body composition in Table 4.4 for both scan 1 and 2. No 
significant difference was observed between scan 1 and scan 2 for whole body and 
segmental measurements for total body weight, fat, muscle and bone mass.  
 
Table 4.5 shows the precision error, expressed as RMS SD and relative precision 
error, expressed as coefficient of variation (CV). LSC for each variable measured are 
also displayed. The CV range from 0.1 – 3.4% for BM, all total body and segmental 
measures of bone mass, FM, and LM, with the exception of arm FM (kg) with a CV of 
7.8%. BM (kg) was highly reproducible with an RSM SD and CV of 0.1kg and 0.1% 
respectively. A change of 0.2kg would be accepted as a LSC in BM. For whole body 
measurements, BMC shows greater reproducibility, however, in absolute terms, 
whole body lean mass had the lowest CV. The RMS SDs were lowest for all BMC 
segmental measures. Given that BMC constitutes the smallest compartment, in 
comparison to muscle and FM, when expressed in relative terms, total and 
segmental BMC CV are not the lowest. The best reproducibility can be seen in the 
total body and segmental measures of muscle mass, with the exception of arm 
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muscle mass. The CV for the total body and regional measures of bone demonstrate 
a greater reproducibility than FM variables, with the exception of the trunk region. 
Overall, the percentage fat and FM provide the highest CV, despite showing a better 
reproducibility than muscle in absolute terms.  
 
Table 4.1. Physical characteristics of the Wheelchair Basketball players, n=12. 
  Mean ± SD Range 
Age (years) 31 ± 7 25 - 46 
Body mass (kg) 71.4 ± 12.9 54.2 - 97.2 
Height (m) 1.71 ± 0.17 1.27* - 1.93 
BMI (kg/m2) 21 ± 2 17 - 25 
Note* 1.27m represents the height of a double leg amputee, whose height remains 
uncorrected and was determined as outlined in Chapter 3. 
  
Table 4.2. Participants disability and IWBF classification 
Participant Disability Classification 
1 Paraplegic T5-6 complete 1.0 
2 Paraplegic T6-7 complete 1.0 
3 Paraplegic T12 complete 1.5 
4 Paraplegic T9-10 incomplete 2.0 
5 Polio 2.5 
6 Spina bifida 2.5 
7 Spina bifida 3.0 
8 Spinal related 3.0 
9 Double leg amputee 3.5 
10 Single leg amputee 4.0 
11 Single leg amputee 4.0 
12 Club foot 4.5 
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Table 4.3. Physical characteristics of the Wheelchair Basketball players (n=12) sub 
grouped into classification ranges according to disability. 
  Height (m) Body mass (kg) BMI (kg/m
2
) 
Classification Mean SD range Mean SD range Mean SD range 
1 - 1.5 (n=3) 1.68 0.10 1.61-1.80 72.0 14.8 60.5-88.6 21 3 19-25 
2 - 2.5 (n=3) 1.72 0.02 1.70-1.73 67.1 9.4 58.4-77.0 20 3 17-22 
3 - 3.5 (n=3) 1.60 0.30 1.27-1.84 67.1 11.4 54.2-75.8 21 0 21-21 
4 - 4.5 (n=3) 1.85 0.10 1.73-1.93 79.4 18.1 61.0-97.2 21 4 18-25 
 
 
Figure 4.1. DXA analysis of segmental and total body LM and FM n=12. 
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Table 4.4. Repeatability of whole body and regional tissue composition 
measurements using DXA. 
  Scan 1 Scan 2 p value 
  Mean  SD Mean SD  
 Total body     
 Body mass (kg) 71.4 12.9 71.4 13.0 NS 
 Lean mass (kg) 50.6 8.5 50.6 8.5 NS 
 FM (kg) 17.8 6.4 17.8 6.2 NS 
 FM (%) 26.6 6.5 26.6 6.2 NS 
 Bone mass (kg) 3.0 0.6 3.0 0.6 NS 
 BMD (kg/cm2) 1.19 0.10 1.19 0.10 NS 
 Arms      
 Lean mass (kg) 9.5 1.3 9.4 1.2 NS 
 FM (kg) 1.6 0.7 1.6 0.6 NS 
 Bone mass (kg) 0.5 0.1 0.5 0.1 NS 
 Legs      
 Lean mass (kg) 11.6 4.2 11.5 4.1 NS 
 FM (kg) 5.2 2.1 5.2 2.1 NS 
 Bone mass (kg) 0.7 0.3 0.7 0.3 NS 
 Trunk      
 Lean mass (kg) 25.5 4.0 25.7 4.3 NS 
 FM (kg) 10.3 4.2 10.4 4.1 NS 
 Bone mass (kg) 1.1 0.3 1.1 0.3 NS 
 
 
Table 4.5. Measurement precision of body composition variables 
 
  RMS SD (kg) CV (%) LSC (kg) 
BM 0.1 0.1 0.2 
FM (kg)       
Total body 0.4 2.0 1.0 
Arms  0.1 7.8 0.3 
Legs 0.2 3.7 0.5 
Trunk 0.4 3.2 1.1 
Lean mass (kg)       
Total body 0.4 0.8 1.1 
Arms  0.3 3.3 0.9 
Legs 0.1 1.3 0.4 
Trunk 0.6 2.2 1.6 
BMC (g)       
Total body 0.04 1.4 0.12 
Arms  0.01 1.9 0.03 
Legs 0.01 1.9 0.04 
Trunk 0.04 3.4 0.10 
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4.5 Discussion 
Total body measurements: In the current study, as would be expected, body fat 
and muscle mass differed considerably, within the group of athletes tested, due to 
the range of disabilities and functional LM. The mean percentage body fat for the 
participants in the present study was found to be 26.6% ± 6.5% (range 16-33%), 
which suggests that this group of highly-trained disability athletes compares well to 
the literature, with similar group averages reported (Inukai et al.  2006; Mojtahedi et 
al.  2008, Miyahara et al.  2008). Mojtahedi et al.  (2009) reported a lower proportion 
of fat (20.6% ± 8.4) than the present and aforementioned studies, which is possibly 
attributable to the differences in physical characteristics of the participants. 
Interestingly, the athletes in the present study demonstrated a higher LM (50.6kg ± 
8.5kg), when compared to other studies of trained male wheelchair athletes (41.7 – 
45.1kg), whose training averages 8.7 - 15 hours a week (Inukai et al.  2006; Mojtahedi 
et al.  2008). That said, it is highly likely that this will be attributed to the inclusion of 
amputees and athletes with club foot in the present study, who generally have a higher 
proportion of muscle mass in comparison to spinal cord injured athletes (data not 
reported).  
 
The main finding of this study was that DXA proved to be a highly reproducible 
technique, when assessing the total and regional composition of elite disabled 
athletes. With the exclusion of arm FM and whole body percentage FM, CV values 
ranged from 0.1-3.7% for all total body and segmental measurements of BM, FM, LM 
and BMC. The highest CV was 7.8% for FM (kg) in the arms, although this amounted 
to only approximately 100g of FM. The values of LSC show that changes in whole 
body FM and LM would have to be greater than 1.0kg and 1.1kg respectively, to be 
sure of any meaningful change in body composition in individuals who are assessed 
longitudinally. CV values for all bone mass variables ranged from 1.4-3.4%, with a 
LSC value ranging from 0.03-0.12kg to observe a meaningful change. These values 
for reproducibility of BMC are consistent with those reported by Kiebzak et al.  
(2000), whose CV values ranged from 1.10-3.65%, which were obtained from the 
assessment of able-bodied individuals. Cordero-MacIntyre et al.  (2002) reported 
slightly lower short-term precision values for FM, LM and BMC of 1.1-1.7% and 1.3-
2.1% for two different software versions used by the same scanner. In the present 
study, the CV values obtained for LM, were greater than those reported by Mojtahedi 
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et al.  (2009) for their laboratory (1.0 – 1.5%). However, these values are only for the 
specific variables reported (FM in kg and %) and not for measures of bone mass or 
segmental regions. It is also unclear, from which cohort of individuals these values 
were obtained e.g. able versus disabled participants, athletes versus 
sedentary/recreationally active.  
 
In the present study there was difficulty in positioning some individuals, as a direct 
result of their disability. Some participants were unable to lie flat in the supine 
position, whilst others were unable to separate their legs. Such positioning issues 
may have introduced a greater error in measurement between scans, as positioning 
could have been considerably different between scans. According to the International 
Society for Clinical Densitometry, 30 individuals are required to obtain a precision 
error for BMD from two scans. If the subject pool ranges between 15-29 participants, 
then three scans would need to be performed. In the present study the participant 
pool consisted of only 12 athletes and they were only scanned twice. A larger sample 
size may be difficult to achieve in this population, which is limited in numbers. The 
current research was undertaken as part of a longitudinal study, whereby athletes 
were scanned on a regular basis over a 15 month period. The number of scans 
performed for the current data set was therefore restricted, due to total radiation 
exposure already incurred, as part of the longitudinal aspect, and participant 
numbers were limited, due to access to athletes on a regular basis. Again because of 
the limited availability of participants, repeat scans were performed on the same day. 
It has been reported that reproducibility errors are greater when repeat scans are 
performed on different days (Leslie, 2008) so our data may underestimate the error in 
studies examining changes over time, when repeat scans will be performed on 
different days. 
 
A recent study reports precision values of <1.0% for all body composition variables 
measured, including whole body BMC and FM, with the exception of android fat in 
able-bodied individuals (Hind et al 2011). It should be noted that segmental 
compartments were not assessed in the study by Hind et al.  (2011). In the present 
study the CV values for whole body measurements for BMC, FM and LM were all 
<2.0%. The greater precision error observed in the current study could be a reflection 
of the significant muscle atrophy and loss of bone in the population being studied. CV 
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represents the measurement variation, relative to the mean. The mean LM and BMC 
is significantly reduced in wheelchair-bound individuals. Whilst all of the participants 
in the present study were not wheelchair-bound, 8 out of the 12 (67%) were. This will 
have resulted in a significantly lower mean for these variables, in comparison with 
able-bodied individuals, resulting in a greater CV even though the variation may be 
exactly the same. The differences may also in part be explained by the different 
software used in the aforementioned study and the inherent difficulties observed, 
when scanning disability athletes.  
 
4.6 Conclusion 
In conclusion, DXA provides good short-term precision in whole body and segmental 
analysis of body composition in elite disabled athletes. This finding indicates that the 
technique can detect changes in FM of at least 1kg, lean mass of 1.1kg and bone 
mass of 120g. This information can be used to determine meaningful changes in 
body composition, in disabled athletes, when assessed using the same methods, 
longitudinally. Future studies should further assess the accuracy and precision (both 
short- and long-term) of this and other techniques in disability athletes, in order to 
further quantify measurement error in this unique population.  
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Chapter 5 
 
Study 2: The agreement between the selected body composition techniques 
(bioelectrical impedance, air displacement plethysmography, skinfolds) and 
DXA for the estimation of percentage body fat 
 
5.1 Introduction 
The assessment of body composition is commonly used as a tool, to help define the 
impact that sports training and dietary interventions have on body composition 
(O’Connor et al. 2007). As a sports practitioner, the need to accurately assess and 
quantify changes in body composition is the same for both the able-bodied and 
disabled athlete. In addition, the practitioner must also consider the suitability of the 
chosen assessment technique with respect to the disability of the athlete (Sutton et 
al. 2009; Reilly and Crosland, 2010). For example, the specific analyser used in BIA 
will differ depending on the type of impairment. Hand-to-foot BIA analysers, cannot 
be performed with double leg amputees. However, more suitable devices for this 
population group such as hand-to-hand BIA systems have been questioned in terms 
of accuracy (Esco et al. 2011). Similarly, the number of skinfold sites that can be 
measured may be significantly reduced, depending on the disability e.g. amputees, 
more severe spina bifida with physical deformities. Consequently, the application of 
comparisons to able bodied sportsmen/women and the collation of normative values 
become limited to specific disability sub-groups.   
 
For most sports, the use of field-based techniques, such as skinfold callipers and 
BIA, are preferred because they are quick, easily transportable and cost-effective. 
The major issue with these techniques is that the amount of information that can be 
acquired is limited. To quantify FM and FFM, assumptions must be made about the 
density and distribution of the tissues. Validity studies, assessing the skinfold 
technique (Silva et al. 2009) and BIA technique (Houtkooper et al. 2001), have found 
these measures to lack the accuracy of body composition data obtained via DXA 
(King et al. 2005). In addition, all of these calculations have been made by inferences 
on able-bodied healthy subjects, therefore, issues will arise when applied to 
individuals with significant changes to body composition e.g. amputees, spina bifida 
and spinal cord injury. Several studies have reported how such generalised 
 46 
equations, applied to skinfold measurements, are unable to predict percentage body 
fat in highly-trained athletes (Silva et al. 2009) and paraplegics (Bulbulian et al. 
1987), with a tendency to underestimate FM in SCI individuals (Maggioni et al. 2003; 
Sutton et al. 2009).  
 
Whilst laboratory techniques promise greater accuracy and validity and may well be 
more sensitive to small changes in body composition measurements, they can be 
laborious, costly and require extensive equipment with highly trained 
operators/technicians. Air displacement plethysmography is an alternative 
plethysmography technique to that of hydrostatic/underwater weighing. The 
advantage of using ADP is that it overcomes many of the barriers that are faced with 
HW for individuals with a disability, such as discomfort and being potentially an 
anxiety-provoking technique. It is also a quick, non-invasive and cost-effective 
technique, which is accommodating to most subjects including children, the elderly 
and obese individuals. Validation studies on ADP have yielded mixed results. A 
number of studies report good correlation coefficients between percentage fat 
derived from ADP and their reference method in female athletes (Ballard et al. 2004) 
and healthy, able-bodied men and women (McCrory et al. 1995; Biaggi et al. 1999). 
However, the criterion methods employed in the latter two validation studies have 
inherent constraints, either by making assumptions on density values of FM and FFM 
for HW or fluid balance for BIA. To address this, a number of studies have assessed 
the validity of ADP in comparison to DXA and have reported high correlation 
coefficients, supporting the use of this technique in healthy adults (Lussier et al. 
1983), female athletes (Ballard et al. 2004) and obese individuals (Ginde et al. 2005). 
There are, however, a number of studies, which have recorded less favourable data, 
with regard to the validity of this technique. Collins et al. (1999) compared ADP with 
both HW and DXA and found that, whilst there was a good correlation between 
percentage fat determined by ADP and HW (r = .89) and ADP and DXA (r = 0.89), 
percentage body fat was consistently underestimated, when using the ADP 
technique, in comparison to both HW and DXA. These findings were supported by 
Radley et al. (2003) and suggest that the accuracy of ADP is not yet sufficient to 
replace techniques such as DXA and even HW. 
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The theoretical problem with techniques, such as ADP, is the assumption of a fixed 
density of FFM, implying that proportions of minerals, water and proteins remain 
constant and are not affected by sex, body mass, age, or body composition. The use 
of 2-C models that make assumptions about fat and FFM may therefore not be 
suitable for the use in individuals, who have significant deviations from the norms, 
such as athletes and disabled athletes/individuals. As a result three or more 
compartmental models such as DXA are the preferred methods of assessment of 
body composition for accuracy and reliability. DXA is a fast and non-invasive 
technique for estimating body composition and its relatively low radiation dose means 
that it is deemed safe for controlled usage. DXA has been validated against the gold 
standard techniques of MRI and CT, showing that it is both an accurate and reliable 
technique (Levine et al. 2000; Chen et al. 2007) against which other techniques may 
be compared. 
 
It is clear that many comparative studies exist, that have assessed the accuracy of a 
given technique to a criterion method, in a number of different cohorts, including 
healthy individuals (Maughan, 1993; Biaggi et al,1999; Levine et al. 2000), young 
children (Demerath et al. 2002; Elberg et al. 2004), the elderly, athletes (Ballard et al. 
2004) and the obese. In contrast, there is very little published data available, 
regarding disabled athletes (Mojtahedi et al. 2009; Sutton et al. 2009), to help inform 
the selection of methodology in body composition assessments. Therefore, the 
purpose of this study was to assess the agreement in body composition 
measurements of elite wheelchair athletes, over a 15 month period, using skinfold 
measurements, BIA and ADP, and compare these results to the criterion method of 
DXA. 
 
5.2 Methods  
The general methodology is described in Chapter 3, where the reader is referred for 
a detailed account of the methods common to all three studies presented in this 
thesis.  
 
5.2.1 Participants 
From a pool of 19 male athletes, 16 met the criteria required to participate in this 
study (see Chapter 3, section 2). 
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5.2.2 Procedures 
Data collection for this study took place over a 15 month period. Participants were 
asked to adhere to the procedures outlined in Chapter 3, section 1 for all 5 test dates. 
 
5.2.3 Anthropometric measurements 
The procedures described in the general methods (see Chapter 3, section 4) were 
used to obtain the height and weight of the participants, as part of the physical 
characteristics displayed in Table 5.1. 
 
5.2.4 Skinfold measurements  
Skinfold measurements were obtained according to the procedures described in 
Chapter 3, section 5. 
 
5.2.5 Bioelectrical impedance  
Body composition was assessed using the Multiple Frequency Bioimpedance Meter 
(Bodystat 1500, Isle of Man, UK). Participants were asked to remove socks and 
jewellery before lying down in the supine position on a non-conductive surface for ten 
minutes, for standardisation purposes. Two electrodes were placed on the posterior 
surface of the right hand, at the distal end of the third metacarpal and between the 
styloid processes of the radius and ulna. Where possible, two electrodes were placed 
on the anterior surface of the right foot, at the end of the second metatarsal and 
between the medial and lateral malleoli of the ankle. For single leg amputees missing 
their right foot, the left foot was used instead and for double leg amputees, this 
technique was not used. Body composition was determined by the measurements of 
resistance made at 50kHz, using the previously validated prediction equations of 
Lukaski et al.  (1986) 
 
5.2.6 Air displacement plethysmography 
Body composition was assessed using a commercially accessed BodPod (BodPod, 
Life Measurements, Concord, CA). Athletes were asked to wear tight fitting swim 
wear or in the absence of such attire, small shorts were worn. All jewellery was 
removed and participants were provided with a tight fitting nylon cap to cover their 
hair.  A two-point calibration was conducted, using an empty chamber prior to each 
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individual assessment. Athletes, who were able to stand, were weighed using the 
BodPod system’s electronic scales. For those who could not stand, body weight was 
matched using free weights (to the nearest 0.25kg) and loaded onto the scales to 
give a reading. On instruction, each participant entered the chamber and was asked 
to remain still throughout the assessment. A single ADP procedure consisted of two 
measurements of body volume, unless they differed by more than 150ml, in which 
case, the system required a third measurement. Body volume was determined by the 
volume of air displaced, when the participant is secured in the chamber. The 
measured body volume was adjusted for thoracic gas volume, which was estimated 
according to the methods described by Dempster and Aitkens (1995). The corrected 
body volume was used in combination with body mass and height to determine body 
density, from which percentage FM was estimated. All estimations were calculated 
using prediction equations integral to the system’s software. Data pertaining to fat 
and muscle mass in kilograms and percentages was displayed on the system’s 
monitor and was recorded.  
 
5.2.7 DXA examinations 
A single whole-body scan was performed on each participant using the procedures 
outlined in Chapter 3, section 6. The three compartments measured were BMC, FM 
and LM. The FFM was estimated from the summation of LM and BMC in each 
participant. Whole body percentage FM was obtained from the FM divided by the 
body mass. Short-term precision for DXA measurements were previously determined 
in study one, using the same scanner, operators and in the same cohort as 
participants for the present study. CV values for all whole body measurements were 
<2.0%, and, with the exception of arm FM (kg) (CV = 7.8%), ranged between 0.1-
3.7% for all segmental measures of bone mass, FM, and LM.  
 
5.3 Statistical analyses 
All data were analysed using SPSS 18 Statistical Software package. Data are all 
reported as the mean ± the standard deviation. A paired t-test was performed to 
establish the difference in mean data in FM (%) between SPE and DXA, and in FM 
(kg and %) and FFM between DXA and BodPod, and DXA and BIA. Hence, the data 
reported in the tables (the mean of all athletes throughout the duration of the study), 
differed from the data reported in the text (paired data sets). A one-way ANOVA was 
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performed comparing differences in all comparison measures to DXA, which 
revealed that the data showed heteroscedasticity. As a result, the standard 
regression analysis using Bland-Altman plots could not be used. Instead, a bivariate 
analysis was performed on log-transformed data, to establish a relationship between 
DXA and the comparison methods. The agreement between methods was calculated 
according to the methodology, described in Bland and Altman, (2007) and confidence 
intervals (CI) were determined using a spreadsheet devised by Hopkins (2007). 
Bland Altman graphs were prepared in Medcalc Statistical Software Version 12.0.1. 
When there was a substantial relationship between differences in measurements and 
the mean, data were first log-transformed, prior to calculating the Limits of 
Agreement (Hopkins et al. 2009). Statistical significance was set at  confidence level.   
 
5.4 Results 
Participants’ characteristics are presented in Table 5.1, which contained the average 
data from all subjects across all time points. The range of disabilities and sporting 
classification according to the International Wheelchair Basketball Federation (IWBF, 
2010) are also shown in Table 5.2. Group-collated physical characteristics are 
displayed in Table 5.3 and 5.4.  
 
Table 5.1: Physical characteristics of the Wheelchair Basketball players (Mean ± SD) 
(n= 16). 
  Mean ± SD Range 
Age (years) 30 ± 7 25 - 46 
Body mass (kg) 70.9 ± 12.1 54.1 - 97.2 
Height (m) 1.71 ± 0.16 1.27* - 1.93 
BMI (kg/m2) 24.4 ± 3.9 18.8 - 35.3 
Note* 1.27m represents the height of a double leg amputee, whose height remains 
uncorrected and was determined as outlined in Chapter 3. 
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Table 5.2. Participants’ disability and IWBF classification 
Athlete Disability Classification 
1 Paraplegic T5-6 complete 1.0 
2 Paraplegic T6-7 complete 1.0 
3 Paraplegic T12 complete 1.5 
4 Paraplegic T9-10 incomplete 2.0 
5 Spina bifida 2.0 
6 Amputee congenital bone deformities 2.0 
7 Polio 2.5 
8 Spina bifida 2.5 
9 Spinal disorder 3.0 
10 Spina bifida 3.0 
11 Double lower limb amputee 3.5 
12 Single leg amputee 4.0 
13 Single leg amputee 4.0 
14 Single leg amputee 4.5 
15 Club foot 4.5 
16 Club foot 4.5 
 
Table 5.3. Whole body FM (% and kg) and FFM of the Wheelchair Basketball players 
(n= 16) as measured using BIA, BodPod and DXA.  
 Mean (±SD) 
Body mass (kg) 70.9 (12.1) 
Total FM (%)  
BIA 17.2 (6.2) 
BodPod 17.0 (6.4) 
DXA 23.7 (6.6) 
Total FM (kg)  
BIA 12.5 (4.8) 
BodPod 12.3 (5.7) 
DXA 16.3 (5.7) 
Total FFM (kg)  
BIA 58.6 (9.5) 
BodPod 57.6 (10.0) 
DXA 51.3 (9.2) 
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Table 5.4. Percentage FM of the Wheelchair Basketball players (n= 16) as measured 
using BIA, BodPod, DXA and SPE. * p<0.05 
Total FM (%) Mean (±SD) 
BIA 17.2 (6.2)* 
BodPod 17.0 (6.4)* 
DXA 23.7 (6.6) 
SPE Katch & McArdle 13.4 (3.9)* 
SPE Sloan 14.4 (6.6)* 
SPE Wilmore & Behnke 17.3 (3.6)* 
SPE Withers et al  15.8 (5.2)* 
 
Table 5.5. Sum of skinfolds (4, 6 and 8) of the Wheelchair Basketball players  
Σ skinfolds (mm) Mean (±SD) Range 
Sum of 4 (mm) 45.5 (15.5) 24.1 – 90.1 
Sum of 6 (mm) 78.1 (24.8) 41.6 – 142.8 
Sum of 8 (mm) 108.5 (34.8) 63.6 – 200.4 
Note: Sum of 4 = biceps, triceps, subscapular and abdominal. Sum of 6 skinfolds = 
biceps, triceps, subscapular, iliac crest, supraspinale and abdominal. Sum of 8 
skinfolds = biceps, triceps, subscapular, iliac crest, supraspinale, abdominal, thigh 
and medial calf. 
 
Body composition 
All techniques significantly underestimated FM (% and kg) and overestimated FFM in 
comparison to DXA (Table 5.3). Table 5.6 summarises the mean body composition 
variables based on paired data sets, comparing DXA to the comparative measure. 
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Table 5.6: Mean FM (%) of the Wheelchair Basketball players as determined by BIA, 
BodPod and SPE, in comparison to DXA, at all 5 time points. Note: not all 
participants were able to be assessed using all techniques, at all 5 time points. The n 
value is provided next to each measure. 
 
Measure FM (%) T1 T2 T3 T4 T5 
 Mean (±SD) Mean (±SD) Mean (±SD) Mean (±SD) Mean (±SD) 
DXA 22.2 (7.4) n=8 23.5 (7.0) n=14 23.6 (7.8) n=12 24.2 (6.3) n=13 24.2 (6.3) n=16 
BodPod 18.7 (7.9) n=18 17.2 (7.0) n=17 14.3 (8.0) n=7  18.8 (5.8) n=18 
BIA 18.0 (7.8) n=16 18.2 (5.9) n=16 14.6 (4.6) n=10 18.2 (6.6) n=13 18.6 (5.5) n=16 
Katch & McArdle ** 13.8 (4.2) n=19 14.1 (4.9) n=17 13.8 (4.9) n=14 13.8 (3.9) n=16 13.7 (3.7) n=18 
Sloan** 15.8 (7.0) n=18 14.6 (7.0) n=16 14.7 (7.1) n=13 14.2 (6.2) n=15 14.2 (6.2) n=17 
Wilmore & 
Behnke** 
17.2 (4.7) n=18 17.2 (5.2) n=16 17.5 (4.5) n=13 17.3 (4.8) n=15 17.3 (4.2) n=17 
Withers et al** 17.3 (6.4) n=18 17.1 (6.7) n=16 18.2 (6.8) n=13 17.0 (5.9) n=15 17.5 (6.3) n=17 
 
** = skinfold sites used: Katch & McArdle – tricep, subscapular and abdominal. Sloan – front thigh and 
subscapular. Wilmore & Behnke – abdominal and front thigh. Withers et al – tricep, subscapular, 
bicep, supraspinale, abdominal, front thigh, medial calf. 
 
All methods of estimating body composition when compared with DXA were found to 
a) underestimate FM (%) as shown in Figure 5.1; b) underestimate FM (kg) as shown 
in Figure 5.2, and c) overestimate FFM (kg) as shown in Figure 5.3. On average, 
when compared to FM (% and kg) and FFM (kg) determined by DXA the following 
observations were noted: 
(i) BIA underestimated FM by 6.6% (95% CI 5.1-8.2, p<0.05), 4.3kg (95% CI 3.2-
5.4, p<0.05) and overestimated FFM by 7.3kg (95% CI 6.2-8.4, p<0.05).  
(ii) BodPod underestimated FM by 7.1% (95% CI 5.4-8.8, p<0.05), FM by 4.4kg 
(95% CI 3.4-5.4, p<0.05) and overestimated FFM by 5.8kg (95% CI 3.6-8.0, 
p<0.05).  
(iii) The SPE all substantially underestimated percentage body fat; Katch and 
McArdle (1973) underestimated by 10.1% (95% CI 9.0-11.2, p<0.05), Sloan 
(1967) underestimated percentage FM by 9.6% (95% CI 8.7-10.4, p<0.05), 
Wilmore and Behnke (1969) underestimated percentage FM by 6.3% (95% CI 
5.2-7.4, p<0.05) and Withers et al (1987) underestimated percentage FM by 
8.0% (95% CI 7.2-8.7, p<0.05). 
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Percentage body fat, determined by DXA, was moderate to highly correlated with all 
estimations determined by use of the SPE (r≥0.7) and BIA (r=0.7). A good correlation 
was found using the BodPod (r=0.5), (Table 5.7).  
 
Figure 5.1: Mean (±SD) difference in FM% from DXA with all other techniques in a 
group of elite wheelchair basketball players 
 
 
Figure 5.2: Mean (±SD) difference in FM (kg) from DXA with BIA and BodPod FM 
(kg) values in a group of elite wheelchair basketball players 
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Figure 5.3: Mean (±SD) difference in FFM (kg) from DXA with BIA and BodPod FFM 
(kg) in a group of elite wheelchair basketball players 
 
Table 5.7: Correlations, CI and significance values between DXA FM (%) and 
estimates of FM (%) using BIA, BodPod and SPE 
 Sample number Correlation 
coefficient (r) 
95% confidence 
intervals 
p-value 
Total FM (%)     
BIA n = 53 0.7 ± 0.2 <.05 
BodPod n = 43 0.5 ± 0.2 <.05 
Katch & McArdle n = 59 0.8 ± 0.1 <.05 
Sloan n = 55 0.9 ± 0.1 <.05 
Wilmore & 
Behnke 
n = 55 0.9 ± 0.1 <.05 
Withers n = 55 0.9 ± 0.0 <.05 
 
The Bland and Altman plots display a significant magnitude bias between DXA and 
all other comparative estimates of body composition with an underestimation bias of 
FM (% and kg) and overestimation bias of FFM (kg). The mean difference in FM (%) 
measurements between BIA and DXA was 6.6%. LoA was calculated at 11.1% (-4.4 
to 17.7%), see Figure 5.4. The mean difference in FM (%) measurements between 
BodPod and DXA was 7.1%. LoA was calculated at 10.9% (-3.8 to 18.1%), see 
Figure 5.5. The mean difference in measurements of FFM between the DXA and BIA 
was 7.3kg, LoA 8.5% (1.2 to 15.7%) see Figure 5.6, and, as shown in Figure 5.7, the 
mean difference in measurements of FFM between DXA and BodPod was 5.8kg, 
LoA 14.3% (-8.5 to 20.1%). 
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Figure 5.4: Bland Altman plots: difference between DXA and BIA FM (%) against the average 
of the two. Different symbols represent individual participants.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5: Bland Altman plots: difference between DXA and BodPod FM (%) against the 
average of the two. Different symbols represent individual participants. 
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Figure 5.6: Bland Altman plots: difference between DXA and BIA FFM (kg) against the 
average of the two. Different symbols represent individual participants. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7: Bland Altman plots: difference between DXA and BodPod FFM (kg) against the 
average of the two. Different symbols represent individual participants. 
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The mean difference in FM (%) measurements between log-BIA and log-DXA was 
0.35. Ratio LoA was calculated at log 0.56 (-0.21 to 0.91), see Figure 8. The mean 
difference in FM (%) measurements between log-BodPod and log-DXA was 0.42. 
Ratio LoA was calculated at log 0.86 (-0.44 to 1.27), see Figure 9. When using the 
SPE to estimate FM (%), the mean difference in measurements between log-Katch 
and McArdle and log-DXA was 0.57, Ratio LoA log 0.35 (0.21 to 0.92) the mean 
difference between log-Sloan and log-DXA was 0.58, Ratio LoA log 0.43 (0.15 to 
1.01), the mean difference between  log-Wilmore & Behnke and log-DXA was 0.30, 
Ratio LoA log 0.30 (-0.01 to 0.60) and the mean difference between log-Withers et al 
and DXA was 0.42 Ratio LoA  log 0.19 (0.23 to 0.61). 
 
2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
Average of logDXA and logBIA
D
iff
e
re
n
c
e
s
, 
lo
g
D
X
A
 -
 lo
g
B
IA
Mean
0.35
-1.96 SD
-0.20
+1.96 SD
0.91
 
Figure 5.8: Bland Altman plots: difference in FM (%) between DXA and BIA, against the 
average of the two, using log-transformed data. Different symbols represent individual 
participants. 
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Figure 5.9: Bland Altman plots: difference in FM (%) between DXA and BodPod, against the 
average of the two, using log-transformed data. Different symbols represent individual 
participants. 
 
The ratios for the back transformed log data can be viewed in Table 5.8, below: 
 
Table 5.8. The mean differences, CI and LoA (%) of back transformed log data from 
each technique in comparison to DXA (values expressed as ratios). 
  BIA BodPod Katch & 
McArdle 
Sloan Wilmore & 
Behnke 
Withers et al 
Mean 
differences in 
measures 
1.42 1.52 1.76 1.78 1.34 1.52 
Upper 95% CI 2.48 3.58 2.50 2.75 1.82 1.84 
Lower 95% CI 0.81 0.64 1.24 1.16 0.99 1.25 
Ratio LoA 1.75 2.36 1.42 1.54 1.35 1.21 
 
5.5 Discussion 
This study is one of just a few published studies to address the accuracy and 
precision of body composition measures, using SPE, BIA and BodPod compared to 
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DXA in elite wheelchair athletes. It is the only study to have done so using data, 
collected in a unique population, over a 15 month period.  
 
The mean FM (%) as determined using DXA was 23.7% (± 6.6%). This is in line with 
those previously reported in the literature for male wheelchair athletes (Inukai et al. 
2006; Mojtahedi et al. 2008, 2009; Miyahara et al. 2008; Goosey-Tolfrey & Crosland 
2010), and substantially higher than those reported for elite, able-bodied, male and 
female athletes (Morris and Payne, 1996; Houtkooper et al. 2001; Egan et al. 2006). 
This data demonstrates how, despite having heavy training loads, elite wheelchair 
athletes still have much higher body fat levels (absolute and relative), as a result of 
muscle wastage and increased fat storage (Maggioni et al. 2003; Gorgey and 
Dudley, 2007). As would be expected, reported percentage FM in the current studies 
and those of other wheelchair athletes, is substantially lower than in those of 
sedentary, disabled counterparts (Jones et al. 1998; Maggioni et al. 2003; Gorgey & 
Gater, 2011). Due to the increased risk of disease states such as diabetes, 
cardiovascular disease and cancer with increased body fat (Canoy et al. 2004, Calle 
et al. 2003), this data highlights the importance of regular exercise, in maintaining 
lower levels of body fat and sustaining higher levels of muscle tissue, the 
metabolically active tissue, which will also be contributing to reduced risk of 
metabolic disorders in this population (Bauman et al. 1999b; Mojtahedi et al. 2008).  
 
The main finding of the present study was that, despite showing a good to strong 
correlation, each technique showed substantial systematic error and significantly 
underestimated FM (% and kg) and overestimated FFM (kg). The Bland Altman plots 
demonstrated a large variability at both the individual and the group level in 
estimating FM (% and kg) in all techniques when compared to DXA. The LoA for all 
techniques were considerable and reflected the lack of precision of all the 
techniques. Confidence intervals of this proportion cannot be accepted as a valid 
measure of body composition. The substantial underestimation in FM (% and kg) 
demonstrated how each of the techniques employed were not accurate methods of 
estimating body composition in comparison to DXA. Not only can none of these 
techniques (BIA, BodPod and SPE) be used to compare body composition at the 
individual level, these methods also cannot be used interchangeably at the group 
level.  
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When FM (%) was estimated using SPE and was compared to FM (%) determined 
using DXA, the difference increased with increasing size of measurements. A 
positive relationship was observed when assessed using Bland Altman plots, looking 
at the difference between the average of the two methods and the difference 
between methods. This may be attributable to the technical difficulty in obtaining an 
adequate skinfold measurement when subcutaneous fat levels are high, which could 
have affected the accuracy of the measures (Gray et al. 1990). As a result, all 
analysis was repeated using log-transformed data, to allow comparisons to be made 
between SPE and techniques that did not show a positive relationship (BIA and 
BodPod). When expressed as a ratio, the LoA still showed a substantial bias and 
lack of precision in all techniques and their estimation of %FM in comparison to DXA. 
The LoA were much smaller, in all four SPE (1.21-1.54), than those reported for BIA 
(1.75) and BodPod (2.36), however the confidence intervals for all techniques were 
considerable, demonstrating a lack of accuracy.  
 
BIA measures of body composition varied greatly between each time point, when 
compared to DXA, and consistently underestimated FM (% and kg) and 
overestimated FFM (kg). The LoA for this technique was calculated at 11.1%, so, 
whilst the mean difference was 6.6%, percentage body fat could be estimated to be 
as low as -4.4 or as high as 17.7%. When expressed as a ratio, the confidence 
intervals were substantial, ranging from 0.81-2.48. Therefore DXA %FM could be up 
to 2.5 times the value of BIA. For example, FM (%) measured using BIA might yield a 
value of 13%, however this could in fact reflect a FM (%) of anywhere between 11-
32% if measured by DXA. These findings are in agreement with Mojtahedi et al. 
2009, who reported a systematic bias, and those of Elberg et al. 2004, who reported 
significant underestimation in BIA estimates of percentage FM, in comparison to 
DXA. These findings are unsurprising, as it has previously been reported that BIA 
measurements are affected by a variety of factors such as nutritional status, 
hydration and electrolyte balance (Deurenberg et al; 1988), body position (Roos et al. 
1992) and disease. The use of BIA is even more problematic in an athletic 
population, due to the variability in hydration status, as a result of training and sweat 
losses (Saunders et al. 1998). In the present study, there was an attempt to control 
for training, caffeine, alcohol, food and general fluids, prior to assessments, to reduce 
the impact that such factors would have on the assessment of body composition. 
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Athletes confirmed that they had adhered to the training and nutritional restrictions 
and provided urine samples to assess hydration (data not reported). Nonetheless, it 
is highly likely that variability in the data was predominantly due to the significant 
body asymmetry in amputees, and muscle wastage and altered extracellular fluid 
distribution in the lower limbs of wheelchair-bound athletes (Kocina, 1997; Maggioni 
et al. 2003; Sutton et al. 2009), making this technique unsuitable for its use in this 
cohort.  
 
This is the first study to assess the accuracy and precision of ADP, using the 
commercially available BodPod in elite wheelchair athletes.  The bias observed with 
the estimation of body composition, using the BodPod, was similar to that of BIA, 
whereby BodPod underestimated FM by 7.1% and 4.4kg and overestimated FFM by 
5.8kg, in comparison to DXA. The Bland-Altman showed the huge variability in the 
data both within and between subjects and the LoA, calculated at 10.9% (-3.8 to 
18.1%), revealed that this technique is not a valid measure of body composition in 
this cohort. When expressed as a ratio, the confidence intervals were even greater 
than those reported for BIA, ranging from 0.64-3.58. Therefore, DXA %FM could be 
up to 3.6 times the value of BodPod. For example, FM (%) measured using BodPod 
might yield a value of 13%, however this could in fact reflect a FM (%) of anywhere 
between 8-47% if measured by DXA. Whilst there is no published study available for 
comparative purposes in a disability population, these findings are supported by 
previous studies that have reported ADP to underestimate FM (%) when compared to 
DXA (Collins et al. 1999 and Radley et al. 2003). However, these findings are in 
disagreement with those of Ballard et al (2004) and Ginde et al (2005), who reported 
ADP to be an accurate technique in the estimation of body composition in female 
athletes and non-athletes, and obese individuals, respectively.  
 
There was a strong correlation between the sum of skinfolds (4, 6 and 8) and DXA 
FM (%), which simply shows that high levels of body fat detected using DXA is also 
represented by this technique, and that there is therefore a strong relationship 
between the two methods. This is to be expected as they are both a measure of the 
same outcome. Further analysis between the sum of skinfolds and DXA FM (%) 
could not however be made due to the differences in units of measure.  
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All estimates of percentage FM from SPE were highly correlated with FM (%) 
determined using DXA. The LoA for each of the prediction equations, when 
expressed as a ratio, ranged from 1.21-1.54. Whilst the LoA for Withers et al.  (1987) 
(1.21) and Wilmore and Behnke (1969) (1.35) were slightly better than the LoA for 
Katch and McArdle (1973) (1.42), and Sloan (1967) (1.54), the confidence intervals 
for these equations were still substantial and also cannot be used as a valid measure 
of body fat in wheelchair athletes.  At the lowest level, Wilmore and Behnke (1969) 
could predict DXA FM% on a 1:1 ratio (lower 95% CI = 0.99), however it could also 
be as large as 1.82. For a FM (%) of 13%, determined using the skinfold prediction 
equation of Wilmore and Behnke (1969), DXA FM could be anywhere between 13-
24%. Whilst this range is much better than those of either BIA (11-32%) or BodPod 
(8-47%), it is still too large a range. As discussed previously, wheelchair-bound 
athletes have a reduction in FFM and a greater storage of FM in the abdominal and 
lower limb regions. These findings are supported by published data, comparing SPE 
with DXA in SCI individuals (Maggioni et al. 2003), SCI athletes (Mojtahedi et al. 
2009) and wheelchair athletes (Sutton et al. 2009). These studies reported 
systematic bias and an underestimation of FM (%), demonstrating not only how SPE 
are neither an accurate nor a precise measure of FM (%) in able-bodied individuals, 
but also how these equations cannot be utilised in disabled individuals/athletes 
(Sutton et al. 2009). This is largely owing to the fact that these equations make a 
number of assumptions about the distribution of fat and the constant relationship 
between skinfold thicknesses and body density. They simply do not account for much 
greater musculature and lower FM in the upper body, and greater FM and severe 
muscle wasting in the lower body, observed in wheelchair athletes. 
 
Whilst a limitation of this study is the restricted sample size, the athletes tested were 
from the Great Britain Wheelchair Basketball team and, therefore, this is a very select 
and unique population group, making larger participant numbers extremely difficult to 
achieve. The nutritional habits and energy intakes of the athletes were beyond the 
scope of this study; however, this is clearly a significant contributing factor to body 
composition outcomes. This would therefore be an area for future research, when 
assessing the differences in body composition in wheelchair athletes.  
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5.6 Conclusion 
Based on the findings in this study, there is a distinct lack of agreement between the 
methods employed to estimate body composition at both the group and individual 
level, when compared to the criterion method of DXA. These techniques lacked both 
the accuracy and precision required to provide meaningful data. It is clear from the 
data presented that BIA, BodPod and SPE are not valid techniques in the estimation 
of elite wheelchair athletes with substantial body asymmetry, lower body muscular 
atrophy and  upper body muscular development. 
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Chapter 6 
Study 3: Seasonal changes in body composition in elite wheelchair athletes: a 
longitudinal study 
 
6.1 Introduction 
For most sports, body composition can play a key component in optimising athletic 
performance. The specific physiological requirements of a sport, or position/discipline 
within a sport, largely determine overall physique. This may vary dramatically 
between the smaller frame of a female gymnast, or the much taller and leaner 
physique necessary for basketball or rowing, to the greater musculature and FM 
required by a prop in rugby. Regardless of such disparity in shape and size amongst 
athletes, what is fundamental across all sports is the impact that carrying excess 
body fat, above that required for health and athletic performance, has on 
performance parameters (Bale et al.  1986; Legaz and Eston., 2005; Arrese and 
Ostariz, 2006; Potteiger et al.  2010). In the sport of wheelchair basketball, body fat 
above an optimal level will reduce power to weight ratio, which can impact on 
acceleration, speed and agility on court (Coutts, 1992). In any weight-bearing sport, 
e.g. running, or sports that must transport own body weight over distance e.g. cycling 
or wheelchair basketball, excess body fat constitutes an additional load that must be 
moved against gravity. As a result, high levels of body fat will impact on rates of 
glycogen depletion, energy metabolism and muscular fatigue (O’Connor et al.  2007). 
There is a fine balance to be obtained in wheelchair basketball; maintaining a lean 
physique will assist with all the aforementioned performance aspects, however, being 
too lean or too light may leave a player more vulnerable and easily dominated by the 
opposition. 
 
An athlete’s body composition, whether able-bodied or disabled, is unlikely to remain 
static throughout a season. Fluctuations in FM and FFM are expected to alter, in 
accordance to changes in the quantity, intensity and type of training being performed. 
Cyclical changes can be seen in sports that are played in seasons (Burke et al. 1986; 
Hawley et al 2011). During the off season, FM typically increases and FFM reduces 
due to the reduction in training. This is normally reflected in pre season body 
composition assessments. The opposite effect is commonly observed during pre-
season training with a reduction in FM and increase in FFM (Morris and Payne, 
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1996). Small insignificant changes in body composition have been observed during 
the competitive phase (Morris and Payne, 1996). However, a number of studies 
report an increase in FM and reduction in FFM (Miller et al. 2007; Harley et al. 2011) 
over the latter stages of a competitive season, where training tapering takes place. 
These negative changes to body composition could have performance implications, 
when the level of competition is at its toughest. 
 
In addition to the aforementioned body composition fluctuations in response to 
training, minimal changes in body composition throughout the season have also been 
observed (Kelly et al. 1978; Thomas and Reilly, 1979; Schmidt et al.  2005). These 
have been attributed to either year-round training and initial high levels of physical 
conditioning, inefficient training regimes or within-season periodisation, which may 
not have been detected due to the timings of data collection. However, in these 
studies, the majority of anthropometric data was obtained, using four to six site 
skinfold profiles. Estimates of percentage FM and FFM were obtained, using 
population specific regression equations, which are inherent to a number of errors. 
Casajus (2001) demonstrated a significant reduction in percentage body fat as 
assessed by skinfold measurements and sum of skinfolds (six site profile), as a result 
of pre-season training. A study by Egan et al. (2006) is one of the few longitudinal 
studies to employ DXA as a technique to assess seasonal changes in body 
composition in highly training athletes. The researchers reported a reduction in FM in 
elite football players, as a result of pre-season training, with increases in FM 
occurring during the off-season. Much smaller changes in FFM were observed, but 
values did peak during mid-competitive season. To date, to the author’s knowledge, 
relatively few studies have examined the anthropometric changes occurring in 
wheelchair athletes over the course of a season, with a limited focus on body 
composition, using only the sum of three and four skinfold sites (Goosey-Tolfrey, 
2005; Diaper and Goosey-Tolfrey, 2009). Skinfold measurements are a commonly 
used technique to monitor changes in body composition, with different sporting 
groups, as they are both time and cost effective. These data are often converted into 
percentage body fat using prediction equations, a practice that is not supported by 
ISAK, due to the error associated with such population specific equations. The 
findings of study 2, presented in Chapter 5, demonstrated that BIA, BodPod and SPE 
substantially underestimated FM (% and kg) and lacked the accuracy and precision 
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required for a valid assessment of body composition. As a result, the focus of the 
current study was on the assessment of body composition using skinfold 
measurements in comparison to DXA.  Some key questions must be asked about the 
use of skinfold measurements, including; 1) is this technique suitable for use in a 
group of elite wheelchair basketball players, particularly where full measurement 
profiles are unobtainable due to absence of limbs and physical deformities, 2) how 
well can this technique track changes in body composition over time, in comparison 
to DXA, 3) how sensitive is this technique at assessing change in body composition, 
particularly in athletes where only 4 skinfold sites can be measured or in athletes with 
much higher levels of body fat, 4) what changes in skinfold values are needed to be 
confident a change in body fat has occurred. The initial aim of the current study was 
to assess the seasonal changes in body composition, measured using DXA and 
skinfold measurements, over a 15 month period in elite wheelchair basketball 
players. The secondary aim was to provide answers to the questions highlighted 
above regarding the use of skinfold measurements in assessing change in body 
composition in this cohort, when compared to DXA. 
 
6.2 Methods 
The general methodology is described in Chapter 3, where the reader is referred for 
a detailed account of the methods common to all three studies presented in this 
thesis.  
 
6.2.1 Participants 
From a pool of 19 elite male Wheelchair Basketball players, 16 met the criteria 
required to participate in this study (see Chapter 3, section 2). However, due to 
training and competition commitments, not all athletes were measured at all five time 
points over the 15 month testing period. The diagrammatic overview of the research 
protocol (Figure 6.1) identifies at what phase the athletes were tested and how many 
were tested at each time point. Participants’ characteristics are presented in Table 
6.1. The range of disabilities and sporting classification, according to the International 
Wheelchair Basketball Federation (IWBF, 2010), can be viewed in Table 6.2.  
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T1  
(n = 8)    
T2  
(n = 14)  
T3  
(n = 12)   
T4  
(n = 14)     
T5  
(n = 16) 
Oct Nov Dec Jan Feb Mar Apr May  June July Aug Sept Oct Nov Dec Jan Feb 
Rest 
period  League competition season Great Britain competitive season League competition season 
Figure 6.1: Experimental schematic time-line 
 
6.2.2 Procedures 
Data collection for this study took place over a 15 month period. Participants were 
asked to adhere to the procedures outlined in Chapter 3, section 1 for all 5 test dates. 
 
6.2.3 Anthropometric measurements 
The procedures described in the general methods (see Chapter 3, section 4) were 
used to obtain the height and weight of the participants, as part of the physical 
characteristics displayed in Table 6.1. 
 
6.2.4 Skinfold measurements  
Skinfold measurements were obtained according to the procedures described in 
Chapter 3, section 5. 
 
6.2.5 DXA examinations 
A single whole-body scan was performed on each participant using the procedures 
outlined in Chapter 3, section 6. The three compartments measured were BMC, FM 
and LM. The FFM was estimated from the summation of LM and BMC in each 
participant. Whole body percentage FM was obtained from the FM divided by the 
body mass. Short-term precision for DXA measurements were previously determined 
in study one, using the same scanner, operators and in the same cohort as 
participants for the present study. CV values for all whole body measurements were 
<2.0%, and, with the exception of arm FM (kg) (CV = 7.8%), ranged between 0.1-
3.7% for all segmental measures of bone mass, FM, and LM.  
   
6.3 Statistical analyses 
Results are expressed as mean ± SD. All data were analysed using SPSS 18 
Statistical Software package. Changes in fat (kg) and muscle (kg), as determined by 
DXA, between time points, were made using a paired samples t-test. Comparisons 
were made for consecutive visits, to assess change during each phase of the 
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season. The within-subjects correlation coefficients were calculated according to the 
methods described in Bland and Altman (1995a). The interpretation of correlations 
was consistent with the terminology by Cohen and Holiday (1982). DXA measures of 
percentage fat and sum of skinfolds (4, 6, 8), raw and log-transformed data, were 
analysed using a linear mixed model. The standard error in estimates was doubled to 
provide the SD, for further details of this technique the reader is directed to Smith 
and Hopkins, (2011). The SD for DXA was calculated by squaring the SD for DXA at 
each time point, taking the average of the SD values and square rooting this value. 
The SD between measures for DXA was calculated at 7%. The SD for the sum of 
skinfolds was calculated by multiplying the SEE by 2 (Smith and Hopkins, 2011) and 
dividing by the SD for DXA (7%), in order to determine whether the sum of skinfolds 
could detect changes in percentage body fat determined using DXA. 
 
6.4 Results 
The average age and height of the wheelchair basketball players is presented in 
Table 6.1 and is further sub-grouped into classification ranges, according to disability 
(Table 6.2). Table 6.3 provides an outline of the range of disabilities and classification 
levels of the athletes who participated in this study. A full breakdown of body weight 
and composition at each time point, as assessed by DXA, can be viewed in Table 
6.4. Not all subjects were assessed by all the techniques employed to estimate body 
composition, either as a direct result of the athletes’ disability or due to access to the 
equipment. Moreover, due to individual sporting commitments, not all athletes were 
tested at each time point. Consequently, the mean results displayed in Table 6.4 will 
differ from those reported from the matched-pair t-test. The coefficient of variation for 
DXA whole body measurements of FM and FFM within this laboratory, for this 
specific cohort was 2.0%. 
 
Table 6.1: Physical characteristics of the Wheelchair Basketball players (n=16) 
 Mean (±SD)  Range 
Age (years) 30 (7) 21-46 
Height (m) 1.71 (0.16) 1.27-1.93 
Note* 1.27m represents the height of a double leg amputee, whose height remains 
uncorrected and was determined as outlined in Chapter 3. 
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Table 6.2: Physical characteristics of the Wheelchair Basketball players (n=16) sub 
grouped into classification ranges according to disability 
  Height (m) Age (years) 
Classification Mean SD range Mean SD Range 
1 - 1.5 (n=3) 1.72 0.08 1.64-1.80 36 10 27-46 
2 - 2.5 (n=5) 1.67 0.13 1.48-1.82 28 4 21-32 
3 - 3.5 (n=3) 1.60 0.30 1.27-1.84 29 1 28-30 
4 - 4.5 (n=5) 1.82 0.09 1.73-1.93 30 8 24-43 
 
 
Table 6.3: Participants’ disabilities and IWBF classifications 
Athlete Disability Classification 
1 Paraplegic T5-6 complete 1.0 
2 Paraplegic T6-7 complete 1.0 
3 Paraplegic T12 complete 1.5 
4 Paraplegic T9-10 incomplete 2.0 
5 Spina bifida 2.0 
6 Amputee congenital bone deformities 2.0 
7 Polio 2.5 
8 Spina bifida 2.5 
9 Spinal disorder 3.0 
10 Spina bifida 3.0 
11 Double lower limb amputee 3.5 
12 Single leg amputee 4.0 
13 Single leg amputee 4.0 
14 Single leg amputee 4.5 
15 Club foot 4.5 
16 Club foot 4.5 
 
 
Part 1: Seasonal changes in body composition of elite wheelchair basketball 
players as determined using DXA 
Body mass observations 
Mean body mass fluctuated between time points, with a significant increase in body 
mass between T1 and T2 (0.9 ± 0.4kg, ), T2 and T4 (1.4 ± 1.6kg, ), and a significant 
reduction in body mass between T4 and T5 (1.4 ± 2.4kg, ). 
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FM (kg) and FFM (kg) observations 
At the group level, FM (kg) and FFM (kg), as determined by DXA, was not statistically 
different between successive time points. There were small fluctuations in FFM 
throughout the duration of the study, whilst there was a trend for FM to progressively 
increase from T1 to T4 (Figure 6.2). Absolute changes in whole body and segmental 
measures of FM and FFM between successive time points are shown in Figures 6.3 
and 6.4.  
 
It was established in Study one that, at the individual level, a change of at least 1.0kg 
in FM and 1.2kg in FFM would need to be observed, to be sure of any real change in 
body composition. As a result, individual data was inspected to determine whether 
any significant changes could be seen at the individual level that would not be 
detected at the group level. Between T1 and T2, 3 out of 8 players showed a 
substantial reduction in FM (mean = 1.4kg, range 1.0-2.3kg). Only one of these 
players showed a significant increase in FFM (1.1kg) and one player had a reduction 
in FFM (1.9kg). Between T2 and T3, 3 out of 10 players showed a significant 
increase in FM (1.0, 1.8 and 2.1kg), with no significant changes observed in FFM 
during this period. Between T3 and T4, 7 out of 14 players showed a significant 
increase in FM (mean= 2.4kg, range 1.5-3.5kg), one player showed a significant 
reduction in FM (1.8kg), whilst 3 out of 14 players showed a significant increase 
(mean 1.5kg, range1.3-1.7kg)  and 3 out of the 14 showed a significant reduction 
(mean 1.5kg, range 1.4-1.5kg) in FFM. Between T4 and T5, 3 out of 14 players 
showed a significant increase in FM (mean 2.3kg, range 1.8-3.1kg), however, 6 out 
of the 14 showed large reductions in FM (mean 3.7kg, range 1.8-5.3kg). During this 
period 4 out of 14 players showed a significant reduction in FFM (mean 1.8kg, range 
1.4-2.1kg) and 3 out of 14 players showed a significant increase in FFM (mean 2.2, 
range 1.4-2.7kg ).  
 
Percentage body fat observations 
At the group level, percentage FM did not change significantly between any 
successive time point, however %FM was significantly higher at T4 (17 ± 6%) than it 
was at T2 (16 ± 6%). Similarly, percentage body fat, as determined by SPE, was not 
significantly different at any time point and only fluctuated by a maximum of 1% 
between successive time points (Table 6.4).  
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Table 6.4 Whole body and segmental body composition across time points 1-5 
 
 
 
 
Figure 6.2: Mean (±SD) changes in fat and muscle mass (kg) over the 5 
measurement points as determined by DXA. 
 T1 n = 8 T2 n = 14 T3 n = 13 T4 n = 15 T5 n = 16 
 Mean(±SD) Mean(±SD) Mean(±SD) Mean(±SD) Mean(±SD) 
Height 1.73 (0.14) 1.70 (0.17) 1.72 (0.16) 1.71 (0.17) 1.71 (0.16) 
Body Mass (kg) 69.6 (12.4) 70.8 (13.4) 69.7 (10.6) 70.6 (12.0) 71.0 (12.8) 
Total body      
Fat (%) 22.2 (7.4) 23.5 (7.0) 23.6 (7.8) 24.3 (5.8) 24.2 (6.3) 
Fat (kg) 15.3 (5.8) 16.0 (5.6) 16.1 (6.5) 17.0 (5.3) 16.7 (6.0) 
Muscle (kg) 51.5 (10.3) 51.9 (10.8) 50.8 (7.6) 50.8 (9.3) 51.4 (9.1) 
Bone (kg) 2.8 (0.5) 2.9 (0.6) 2.8 (0.6) 2.9 (0.6) 2.9 (0.6) 
BMD (g/cm2) 1.12 (0.10)  1.16 (0.10) 1.16 (0.11) 1.17 (0.10) 1.18 (0.10) 
Trunk      
Fat (kg) 8.3 (3.5) 9.3 (3.5) 9.4 (4.4) 9.8 (3.3) 9.7 (4.1) 
Muscle (kg) 26.1 (5.2) 26.4 (4.9) 26.1 (3.2) 26.0 (4.6) 25.8 (4.1) 
Arms      
Fat (kg) 1.3 (0.6) 1.5 (0.6) 1.4 (0.7) 1.5 (0.6) 1.5 (0.6) 
Muscle (kg) 9.1 (1.6) 9.3 (1.9) 8.7 (1.3) 9.1 (1.6) 9.4 (1.5) 
Legs      
Fat (kg) 5.1 (1.7) 4.6 (1.9) 4.6 (1.9) 4.9 (1.7) 4.9 (2.0) 
Muscle (kg) 12.2 (5.0) 12.2 (5.0) 11.9 (3.9) 11.7 (4.2) 12.2 (4.5) 
 73 
 
 
Figure 6.3: Mean (±SD) changes in body mass and whole body FM (% and kg), as 
determined by DXA between the 5 time points. 
 
 
Figure 6.4: Mean (±SD) changes in segmental FM (kg), as determined by DXA 
between the 5 time points. 
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Figure 6.5: Mean (±SD) changes in whole body and segmental FFM, as determined 
by DXA between the 5 time points. 
 
Table 6.5: Average skinfold (mm) value for each site measured at each time point 
 T1 (±SD) n T2 (±SD) n T3 (±SD) n T4 (±SD) n T5 (±SD) n 
Biceps 5.5 (1.9) 16 5.2 (1.6) 14 5.2 (2.2) 12 5.5 (2.1) 14 5.4 (2.1) 16 
Triceps 9.0 (3.7) 16 10.4 (4.7) 14 9.3 (3.6) 12 10.0 (2.9) 14 9.7 (3.4) 16 
Subscapular 13.6 (6.0) 16 11.9 (3.8) 14 11.5 (4.9) 12 12.2 (5.2) 14 12.4 (5.0) 16 
Iliac crest 16.9 (6.2) 15 16.5 (6.5) 13 18.4 (8.8) 12 19.2 (7.0) 13 20.8 (8.9) 15 
Supraspinale 10.4(4.7) 15 9.4 (3.0) 12 10.7 (4.8) 12 11.4 (4.1) 13 11.2 (4.7) 15 
Abdominal 21.0 (5.9) 15 21.0 (7.3) 13 20.5 (7.6) 12 23.6 (6.9) 13 23.0 (6.4) 15 
Thigh 16.9(8.1) 14 16.5 (9.1) 12 15.8 (7.8) 11 17.8 (8.5) 12 16.6 (7.6) 14 
Mid Calf 13.2 (7.3) 14 12.8 (7.0) 12 15.2 (6.5) 11 14.3 (7.0) 12 14.1 (7.5) 14 
 
Table 6.6: Percentage body fat calculated from SPE  
 T1 T2 T3 T4 T5 
Equation Mean (± SD) Mean (± SD) Mean (± SD) Mean (± SD) Mean (± SD) 
Katch & McArdle 
(1973) 
13.1 (3.7) 
n=15 
13.4 (4.2) 
n=13 
12.8 (4.2) 
n=12 
13.9 (3.9) 
n=13 
13.9 (3.7) 
n=15 
Sloan (1967) 15.0 (6.6) 
n=14 
14.0 (6.7) 
n=12 
13.5 (6.9) 
n=11 
14.9 (7.3) 
n=12 
14.5 (6.2) 
n=14 
Wilmore & Behnke 
(1967) 
16.9 (3.3) 
n=14 
17.0 (3.9) 
n=12 
16.8 (4.0) 
n=11 
18.0 (3.9) 
n=12 
17.8 (3.4) 
n=14 
Withers et al (1987) 15.6 (5.1) 
n=14 
15.3 (5.1) 
n=12 
15.6 (5.7) 
n=11 
16.4 (5.4) 
n=12 
16.3 (5.2) 
n=14 
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Part two: How well do other body composition assessment techniques track 
changes in body composition as determined using DXA? 
The within-subjects correlation was calculated according the methods described by 
Bland and Altman (1995a): √(sum of squares/(sum of squares + residual error), Table 
6.7.  
 
Table 6.7: The within-subject correlation between the method of assessment and 
DXA (r), in the analysis of FM (% and sum of skinfolds). 
Method of assessment Subject 
numbers 
DXA r Confidence 
Intervals 
Sum of 4  n = 15 0.81 0.51 to 0.93 
Sum of 6 n = 15 0.85 0.60 to 0.95 
Sum of 8 n = 14 0.86 0.61 to 0.95 
Katch and McArdle (1973) n = 15 0.80 0.49 to 0.93 
Sloan (1967) n = 14 0.70 0.27 to 0.90 
Withers et al (1987) n = 14 0.78 0.43 to 0.93 
Wilmore and Behnke (1967) n = 14 0.85 0.58 to 0.95 
BIA n = 15 0.14 -0.40 to 0.61 
BodPod n = 16 0.38 -0.14 to 0.74 
 
There was a high correlation (r = 0.70-0.89) between DXA and all of the SPE. There 
was a low correlation (r = 0.20-0.39) between DXA % FM and BodPod %FM, and a 
very low correlation (r = 0.00-0.19) DXA % FM and BIA %FM. 
 
The changes in FM (% and kg) measured, using both skinfold callipers and DXA, can 
be viewed in Figure 6.6, 6.7 and 6.8.   
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Figure 6.6. Changes in body fat across the 5 time points, comparing DXA (%) versus 
the sum of 4 skinfolds (mm). 
 
 
 
Figure 6.7. Changes in body fat across the 5 time points, comparing DXA (%) versus 
the sum of 6 skinfolds (mm). 
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Figure 6.8. Changes in body fat across the 5 time points, comparing DXA (%) versus 
the sum of 8 skinfolds (mm). 
 
Further analysis looked at the typical prediction error, within a subject, to determine 
how sensitive the technique is at detecting changes in body composition determined 
using DXA. To do this a linear mixed model was used on raw data looking at the 
regression between the sum of skinfolds (4, 6 and 8) and DXA FM (%). The within-
subject standard error of prediction (SEE (%) (√residual)) for estimating DXA % fat 
from the sum of 8 and sum of 6 skinfolds shows that measurements can be accurate 
to within ±1.2% (95% C.I 0.9-1.5) at the individual level, e.g. DXA FM (%) = 20%, 
sum of 8 = ±1.2% (18.8-21.2%). The within-subject standard error of prediction (SEE 
(%) (√residual)) for estimating DXA % fat from the sum of 4 skinfolds shows that 
measurements can be accurate to within ±1.4% (95% C.I 1.1-1.8) at the individual 
level, e.g. DXA FM (%) = 20%, sum of 4 = ±1.4% (18.6-21.4%). Being accurate within 
1.2-1.4% shows that the sum of skinfolds (4, 6 and 8), have a good level of sensitivity 
and can tracks changes in DXA measures reasonably well in individuals. 
 
The SD for the sum of skinfolds was calculated in order to determine whether the 
sum of skinfolds could detect changes in percentage body fat determined using DXA. 
 SD sum of 6 and 8 skinfolds = SEE*2/7 ((1.2*2)/7 = 0.34) 
 SD sum of 4 skinfolds = SEE*2/7 ((1.4*2)/7 = 0.4) 
 
The sum of 6 and the sum of 8 can track changes in up to 1/3 of a SD for body fat 
and the sum of 4 can track changes in just over 1/3 of a SD in body fat. According to 
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Cohen’s terms of magnitude, (Cohen, 1988), skinfold measurements can track small 
(0.1-0.3) to moderate (0.3-0.5) changes in %FM, as measured by DXA.  
 
In order to determine how much of a change in skinfolds measurements would need 
to be seen to be certain a change in body composition had occurred, the SD was 
divided by the slope: 
 Sum of 8: 2.4/0.175 = 13.7mm 
 Sum of 6: 2.4/0.193 = 12.4mm 
 Sum of 4: 2.8/0.303 = 9.2mm 
  
In absolute terms, a change in at least 14mm would need to be observed, to be 
certain of either an increase or decrease in FM, determined using the sum of 8, 
13mm when using the sum 6 skinfolds, and a change of at least 10mm would need to 
be observed, to be sure of any change in FM, when using the sum of 4 skinfolds. 
 
The percentage fat from the sum of skinfold measurements can be estimated from 
DXA FM (%) using the equation below where a = the intercept, b = the slope, and x = 
the sum of skinfolds: 
DXA FM (%) = a + b(x) 
The smallest error change that can be detected by the sum of 8 and 6 is 2.4% and 
2.8% for the sum of 4. Therefore, when using the above equation, the change in 
skinfolds must be greater than 2.4% for the sum of 6 and 8, and 2.8% for the sum of 
4, see Table 6.8. 
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Table 6.8: An example of the changes in percentage FM, calculated using skinfold 
measurements, needed to be observed to be confident of a change in body 
composition. The highlighted section represents the smallest change that would need 
to be observed from 70mm to be confident an increase in the sum of skinfolds and 
therefore percentage FM had increased.  
Sum of 8 (mm) Percent fat 
DXA FM (%) = a + b (x) 
change from 70mm 
(SD%) 
70 17.7  
75 18.6 0.9 
80 19.4 1.7 
84 20.1 2.4 
85 20.3 2.6 
   
   
Sum of 6 (mm) Percent fat 
DXA FM (%) = a + b (x) 
change from 70mm 
(SD%) 
70 22.2  
75 23.1 1.0 
80 24.1 1.9 
82 24.5 2.3 
82.5 24.6 2.4 
83 24.7 2.5 
   
Sum of 4 (mm) Percent fat 
DXA FM (%) = a + b (x) 
change from 70mm 
(SD%) 
70 31.4  
75 32.9 1.5 
77 33.5 2.1 
79 34.1 2.7 
79.2 34.2 2.8 
80 34.4 3.0 
 
Due to the variability in data, change is best described in relative terms, using log-
transformed data. Therefore the analysis was repeated using log-transformed data 
(Table 10), to provide a ratio to quantify meaningful changes in body composition 
with skinfold measurements. 
 
When the log-transformed data is converted back and expressed as a ratio, it can be 
said that, when taking 8 skinfold sites, the sum of 8 would have to have changed by 
more than (multiply) or less than (divide) a ratio of 1.13, e.g. a sum of 8 of 70.0mm 
would have to either be greater than 79.1mm (70 x 1.13) or less than 61.9mm 
(70/1.13) to be sure any change had occurred. The sum of 6 would have to have 
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changed by more than (multiply) or less than (divide) a ratio of 1.17, e.g. a sum of 6 
of 70.0mm would have to either be greater than 71.9mm (70 x 1.17) or less than 
59.8mm (70/1.17) to be sure any change had occurred. The sum of 4 would have to 
have changed by more than (multiply) or less than (divide) a ratio of 1.28, e.g. a sum 
of 4 of 70.0mm would have to either be greater than 89.6mm (70 x 1.28) or less than 
54.7mm (70/1.28) to be sure any change had occurred. There is a greater amount of 
error when using the sum of just 4 skinfold sites, and whilst there is less error with 
the sum of 8, there is little very difference between the sum of 6 and sum of 8. 
 
6.5 Discussion  
In the current study, at the group level, seasonal changes in body composition (FM 
(% and kg) and FFM (kg)), were not observed over the course of the 15 month 
period. Small individual changes in body composition were masked at the group 
level, largely as a result of gains and losses to FM and FFM in individuals at the 
same time point. This absence of substantial changes in body composition, 
throughout a season, is not consistent with the findings from the only other study to 
have followed such a research design and employed DXA to monitor changes in elite 
athletes’ body composition over a 14 month period (Egan et al.  2006). It is, however, 
in accordance with other research into elite and highly-trained athletes during shorter 
testing periods (Thomas and Reilly, 1976; Kelly et al. 1978; Schmidt et al.  2005). 
This has been attributed to factors such as year-round training and initial high levels 
of physical conditioning, or inefficient training regimes and within-season 
periodisation. In the current study, the absence of any significant changes in body 
composition as a result of pre-season training may well be explained by the fact 
athletes were already highly conditioned prior to starting the study, as they had only 
had three weeks rest during their off-season prior to T1. In addition, the inclusion of 
additional players at T2 may have masked any changes in body composition that 
may have occurred as a result of pre-season training. The absence of any change 
throughout the 15 month test period may, in part, have been attributable to the 
absence of any ‘off season’ the following year due to an unfortunate and unusual fall 
in the competitive timetable for both the Great Britain and domestic league, resulting 
in year-round training. However, the nutritional habits were beyond the scope of this 
study and inappropriate nutrition may well be a contributing factor. Furthermore, test 
points were in part dictated by when was best for the sport and when as many of the 
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players would be in the country, as opposed to when would be ideal from a research 
perspective. This may have meant that peak changes in body composition were 
simply missed.  
 
Although there was no statistical difference in body composition throughout the 
study, group FM (% and kg) was at its highest and FFM (kg) was at its lowest at T4, 
the end of the GB competitive season. This has been reported in previous literature 
(Miller et al. 2007; Harley et al. 2011), that FM increases over the duration of the 
competitive season, because training intensity and frequency is significantly reduced. 
It is, however, also the point when important competitions are being held, competition 
is at its hardest and match wins determine places in the semi-finals and finals. This is 
therefore the point where players need to be at their physical peak. From the 
literature, it appears that there is a tendency for some of the positive adaptations to 
body composition, that occur as a result of pre-season training, to be lost over the 
course of the season (Egan et al. 2006). 
 
Study one showed that DXA can be considered a precise technique for use in this 
cohort. In addition, the least significant change that can be detected and represent a 
meaningful change in body composition in this group of elite wheelchair athletes was 
at least 1kg in FM and 1.2kg in FFM. Whilst significant changes in body composition 
were not detected at the group level, changes of at least 1kg in FM and 1.2kg in FFM 
were observed at different time points in different athletes. These results indicate the 
importance of focusing on the individual, as opposed to merely a group mean. 
Despite individual changes throughout the season, that can be considered 
significant, there was not a pattern in when these changes occurred and in whom 
they occurred. These individual changes were not consistent with each other, in that 
some players increased FM and reduced FFM, at the same time that other players 
did the opposite. Nor did it follow that the players with the highest initial levels of FM 
demonstrated greater reductions than leaner individuals. There was no pattern to the 
changes in body composition and therefore no solid conclusions can be made.  
 
Study 2 demonstrated how BIA, BodPod and SPE lacked the accuracy and precision 
required to assess body composition in elite wheelchair athletes. In conjunction with 
the findings from Study 2, the poor within-subject correlations and large confidence 
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intervals confirmed that BIA and BodPod would neither be able to accurately or 
precisely track changes in body composition in this group of athletes. As a result, the 
analysis of data from each of these methods was discontinued and the focus 
remained on the sum of skinfold measurements and DXA. DXA has been shown to 
be an accurate technique for the determination of FM and FFM (Levine et al. 2000; 
Chen et al.  2007), however, it is both an expensive and time-consuming technique, 
that requires highly-trained technicians and is not readily available to most sports. As 
a result, skinfold measurements are predominantly used to provide quantitative data, 
regarding an athlete’s body composition, and monitor changes that may occur, as a 
result of training and/or nutritional interventions. In elite athletes, changes in body 
composition are likely to be small. One of the key issues is whether the sum of 
skinfolds is capable of detecting small changes in body composition that can be 
observed when using a technique such as DXA. The answer to this question would 
therefore dictate whether the sum of skinfolds, a commonly employed technique, is 
an appropriate method for monitoring changes longitudinally. One of the main 
findings of this study is that skinfold measurements can detect small to moderate 
changes (0.3-0.4 standard deviations) in body composition, in comparison to DXA. 
The sum of 6 and 8 skinfold measurements were more closely related to 
measurements made using DXA and were both able to detect small (0.3 SD) 
changes in body composition, according to Cohen’s terms of magnitude (Cohen, 
1988). The sum of 4 skinfold sites was still highly correlated to that of DXA (r = 0.81) 
and was able to detect moderate (0.4 SD) changes in percentage FM. These results 
demonstrate that this technique is appropriate for use in elite wheelchair athletes and 
that it is preferable to take as many skinfold sites as possible. There is, on the other 
hand, a minimal difference by including the thigh and calf measurements, therefore 
whilst there is less error in taking 8 skinfold sites, there is little difference between the 
use of 8 and 6 skinfold sites. From a practical perspective, it may not be physically 
possible to obtain 8 measurements (double leg amputees) or it may be too invasive 
for the athlete, for example, some may attach their urine collection bag to their leg, or 
some may be very uncomfortable about exposing their legs, in order to obtain the 
measurements. In this case, obtaining 6 skinfold measurements is much less 
invasive for the athlete and more appropriate. Depending on the disability e.g. more 
extreme cases of spina bifida, it may be extremely difficult and distressing for the 
athlete to obtain more than four skinfold measurements. In which case, the sum of 4 
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measurements is still a valid means of assessing body composition, but it can only 
detect moderate changes in body composition, therefore the changes in skinfold 
values need to be much greater to be confident that a significant change in FM has 
occurred.  
 
The statistical analysis revealed that in absolute terms, a change in at least 14mm 
would need to be observed to be certain of either an increase or decrease in FM 
determined, using the sum of 8 and sum of 6 skinfolds, and a change of at least 
10mm would need to be observed to be sure of any change in FM, when using the 
sum of 4 skinfolds. This is important practical information, as many athletes are 
concerned with much smaller changes in the sum of skinfold values, however, these 
would fall within the prediction error in measurement. It is therefore essential to 
communicate this to both an athlete and coach, who may misinterpret an increase in 
the sum of 8 or 6 of 9mm as a true increase in body fat, which can have important 
ramifications for the athlete. In the present study, the sum of 8 and 6 skinfolds varied 
from 63.6-200.4mm and 41.6-142.8mm, respectively. With such large differences in 
body fat, it was appropriate to repeat the analysis using log-transformed data, so that 
changes can be expressed in relative terms. Log-transformed data provides the 
change in percentage, which removes the differences observed with a large data 
range e.g. those at the extreme ranges (very low body fat and very high body fat). 
Someone with a sum of 8 skinfolds of 200mm is going to require greater changes in 
measurements to be confident that a change in body fat has occurred, in comparison 
to someone with a sum of 8 skinfolds of 63mm. When expressed as a ratio, a change 
in the sum of 8 would have to have changed by more than (multiply) or less than 
(divide) a ratio of 1.13, the sum of 6 would have to have changed by more than 
(multiply) or less than (divide) a ratio of 1.17 and the sum of 4 would have to have 
changed by more than (multiply) or less than (divide) a ratio of 1.28. This information 
provides a practical means of determining change in skinfold measurements in 
wheelchair athletes and is the first study to present such findings. This information 
can be applied to a nomogram for practical use, in determining the least significant 
change, according to the number of skinfold measurements taken (see Chapter 7). 
The unique feature of the statistical analysis employed in the current study, is that 
these are applicable at the individual level. 
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Finally, a further aspect of this study was the determination of percentage fat from 
the sum of skinfold measurements, which can be predicted from DXA FM (%) using 
the equation:  
DXA FM (%) = a + b(x) 
This allows the conversion of skinfold measurements to percentage body fat (see 
Chapter 6), without the need for population specific prediction equations. Given that 
the smallest error change that can be detected by the sum of 8 and 6 is 2.4%, and 
2.8% for the sum of 4, the least significant change can be determined from the 
change in percentage fat relative to the change in skinfold measurement, calculated 
using the above equation and data presented in this study.  
 
This study was limited by the initial restriction in athletes who were approved to 
receive a DXA scan at the start of the study, due to stipulations in NHS ethics and 
radiation doses. Only 50% of the athletes were eligible for a DXA at the first testing 
point, which severely restricted the amount of data collected after the off-season. 
This may have contributed to the absence of any detectable change in body 
composition as a result of pre-season training. Subsequent changes to ethics were 
granted, to allow a greater inclusion of athletes from the second testing point, 
onwards. Additional limitations to this study included the lack of control over the 
testing time points and the absence of any off-season during the study.  
 
6.6 Conclusion 
The data presented in this study adds to the body of evidence, describing the body 
composition profiles of elite wheelchair athletes. It demonstrates how high training 
loads can help to maintain lower body fat levels, when compared to sedentary 
disabled individuals, which has a number of performance and health-related 
implications. The absence of any significant seasonal changes in body composition 
could be a result of a number of factors, an area which requires further research, to 
help modify training and nutritional interventions.  
 
From the previous data reported in Chapter 5, it was established that neither BIA nor 
BodPod were accurate or precise techniques in the assessment of body composition 
in this cohort. It is clear from these results, that BIA and BodPod do not provide 
adequate means of identifying changes in body composition in elite wheelchair 
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athletes, at both the individual and group levels. Consequently, neither of the 
aforementioned techniques should be used to assess body composition or track 
changes in body composition in the cohort of athletes described in the current study.  
 
This research confirms that many standard SPE’s established for use in able-bodied 
individuals are not applicable to elite wheelchair athletes. However, the sum of 4, 6 
and 8 skinfolds provides a good, in-the-field tool to track changes in body 
composition in athletes with a disability, relative to those observed using DXA. In 
addition, the results described provide practical guidelines for determining changes in 
body composition and offers an alternative prediction equation developed for use in 
this cohort. The validation of this SPE is essential if percentage FM is to be estimated 
from this technique.  
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Chapter 7 
Practical implications 
 
One of the main objectives of this research programme of study was to share the 
knowledge gained with other performance staff working within the English Institute of 
Sport. The collective results of this thesis, combined with observations, have been 
summarised in this Chapter to create some key findings that can be utilised by 
practitioners working with wheelchair athletes, in the assessment of body 
composition. 
  
Factors to be considered by the practitioner when measuring body composition using 
DXA in elite wheelchair athletes: 
Whilst it is not common, not all disabled athletes can lie flat enough in the 
supine or prone position to allow the scanning arm of a DXA machine to pass 
over the body. In these cases, whole body measurements cannot be taken and 
this technique is not suitable for this particular individual. 
 
Disabled athletes who spasm, may have difficulties lying still for the duration of 
the scan. Athletes should be allowed sufficient time to position themselves on 
the DXA bed and their body to adjust to this position. 
 
Metal fixtures e.g. surgical pins, are common in disabled athletes and will 
affect measures of bone density. These should be disclosed to the technician 
prior to the scan. Metal fixtures can be identified and adjustments can be made 
manually by the technician during analysis to account for their presence.   
 
Difficulties in the specific positioning of the legs in a whole body scan are 
common in disabled athletes. Care needs to be taken to avoid discomfort or 
positioning that may cause spasms. Creativity with straps and blocks, not 
detected by the DXA, is likely to be needed. 
 
Positioning issues may introduce a greater error in measurement between 
scans, as positioning could have been considerably different between scans. 
Care and precision by the technician is essential and where possible, the 
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same technician should perform and analyse the scan. Positioning issues 
should be noted for each individual, to ensure consistency on subsequent 
scans. Photographs may also prove a useful means of documenting limb 
positioning and use of straps and blocks. 
 
When analysing scans, manual repositioning of regions of interest, due to 
either the absence of, or the deformity of, standard bony landmarks in this 
specific cohort is common. 
 
Sufficient sample size in this cohort can be difficult to obtain. NHS ethics 
should state that DXA scans will need to be performed in addition to the 
individual’s routine scans and scans that may arise due to sporting injuries. 
Without this, the sample size will be substantially restricted.  
 
When using Lunar Prodigy Advance dual x-ray (DXA) absorptiometry scanner 
(GE Lunar, Madison, WI, USA), running version 12.20, Encore 2006 software, 
changes greater than 1.0kg and 1.1kg in FM and FFM, respectively in males, 
need to be observed, to be certain that a change in body composition has 
occurred. 
 
Factors to be considered by the practitioner when choosing an appropriate technique 
to assess body composition in elite wheelchair athletes: 
Techniques that make assumptions about FM and FFM distribution may not 
be appropriate to use in wheelchair athletes, who have significant body 
asymmetry and muscle atrophy. 
 
Techniques that are previously validated on able-bodied individuals may not 
be appropriate to use in wheelchair athletes. 
 
Skinfold measurements (mm) provide a good in-the-field technique that is time 
and cost efficient, and are able to detect small to moderate changes in FM, in 
comparison to DXA. 
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The sum of skinfolds should not be converted into percentage FM using 
prediction equations that have not been developed specific to that cohort. 
 
When possible, the sum of 8 skinfold sites should be used to assess body 
composition, however, there is little difference in the error of measurement 
between the sum of 8 and 6 skinfold sites. Whilst there is more error 
associated with using fewer skinfold sites, the sum of 4 skinfold sites is still 
able to track moderate changes in FM and is, therefore, still an appropriate 
technique to be used in wheelchair athletes. 
 
Table 7.1 provides guidance on the minimal relative changes in sum of 8, 6 and 4 
skinfold measurements that would need to be seen, to be certain that any change in 
body fat had occurred. The skinfold measurement is the initial measurement taken. 
The increase or decrease column provides the new sum of skinfolds value, based on 
the least significant change. The change columns quantify by how much the sum of 
measurements has changed. For example, upon initial assessment, a wheelchair 
athlete had a sum of 6 skinfolds of 80mm. When re-assessed, this athlete’s sum of 6 
skinfold measurements totalled 71mm, a reduction of 9mm. It could not be said with 
absolute certainty that the athlete’s body fat had reduced, because the least 
significant change would be to a value of 68.4mm. 71mm still falls within the error in 
measurement and a reduction of at least -11.6mm is needed to be confident that 
body fat had reduced. 
 
Table 7.2 provides an estimation of percentage body fat from the sum of skinfold 
measurements, for elite wheelchair athletes, based on the equation: 
DXA FM (%) = a + b(x) 
Sum of 8 skinfolds: DXA FM (%) = 5.462 + 0.175 (sum of 8 skinfolds). A change 
greater or lesser than 2.4% would need to be observed to be confident that a change 
in FM (%) had occurred. Sum of 6 skinfolds: DXA FM (%) = 8.629 + 0.193 (sum of 6 
skinfolds). A change greater or lesser than 2.4% would need to be observed to be 
confident that a change in FM (%) had occurred. Sum of 4 skinfolds: DXA FM (%) = 
10.117 + 0.304 (sum of 4 skinfolds). A change greater or lesser than 2.8% would 
need to be observed to be confident that a change in FM (%) had occurred. 
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7.1 The minimal (increase/decrease) change in the sum of skinfold measurements (mm) needed to be observed to be confident of a 
change in body fat. Calculations made using the ratios presented in Chapter 6: sum of 8 = 1.13, sum of 6 = 1.17, sum of 4 = 1.28.   
Initial skinfold  
measurement 
(mm) 
Sum of 8 Sum of 6 Sum of 4 
Increase Change Decrease Change Increase Change Decrease Change Increase Change Decrease Change 
35 39.6 4.6 31.0 -4.0 41.0 6.0 29.9 -5.1 44.8 9.8 27.3 -7.7 
40 45.2 5.2 35.4 -4.6 46.8 6.8 34.2 -5.8 51.2 11.2 31.3 -8.8 
45 50.9 5.8 39.8 -5.2 52.7 7.7 38.5 -6.5 57.6 12.6 35.2 -9.8 
50 56.5 6.5 44.2 -5.8 58.5 8.5 42.7 -7.3 64.0 14.0 39.1 -10.9 
55 62.2 7.1 48.7 -6.3 64.4 9.3 47.0 -8.0 70.4 15.4 43.0 -12.0 
60 67.8 7.8 53.1 -6.9 70.2 10.2 51.3 -8.7 76.8 16.8 46.9 -13.1 
65 73.5 8.4 57.5 -7.5 76.1 11.1 55.6 -9.4 83.2 18.2 50.8 -14.2 
70 79.1 9.1 61.9 -8.1 81.9 11.9 59.8 -10.2 89.6 19.6 54.7 -15.3 
75 84.8 9.7 66.4 -8.6 87.8 12.8 64.1 -10.9 96.0 21.0 58.6 -16.4 
80 90.4 10.4 70.8 -9.2 93.6 13.6 68.4 -11.6 102.4 22.4 62.5 -17.5 
85 96.1 11.1 75.2 -9.8 99.5 14.5 72.6 -12.4 108.8 23.8 66.4 -18.6 
90 101.7 11.7 79.6 -10.4 105.3 15.3 76.9 -13.1 115.2 25.2 70.3 -19.7 
95 107.4 12.4 84.1 -10.9 111.2 16.2 81.2 -13.8 121.6 26.6 74.2 -20.8 
100 113.0 13.0 88.5 -11.5 117.0 17.0 85.5 -14.5 128.0 28.0 78.1 -21.9 
105 118.7 13.7 92.9 -12.1 122.9 17.9 89.7 -15.3 134.4 29.4 82.0 -23.0 
110 124.3 14.3 97.3 -12.7 128.7 18.7 94.0 -16.0 140.8 30.8 85.9 -24.1 
115 130.0 15.0 101.8 -13.2 134.6 19.6 98.3 -16.7 147.2 32.2 89.8 -25.2 
120 135.6 15.6 106.2 -13.8 140.4 20.4 102.6 -17.4 153.6 33.6 93.8 -26.3 
125 141.3 16.3 110.6 -14.4 146.3 21.3 106.8 -18.2 160.0 35.0 97.7 -27.3 
130 146.9 16.9 115.0 -15.0 152.1 22.1 111.1 -18.9 166.4 36.4 101.6 -28.4 
135 152.6 17.6 119.5 -15.5 158.0 23.0 115.4 -19.6 172.8 37.8 105.5 -29.5 
140 158.2 18.2 123.9 -16.1 163.8 23.8 119.7 -20.3 179.2 39.2 109.4 -30.6 
145 163.9 18.9 128.3 -16.7 169.7 24.7 123.9 -21.1 185.6 40.6 113.3 -31.7 
150 169.5 19.5 132.7 -17.3 175.5 25.5 128.2 -21.8 192.0 42.0 117.2 -32.8 
155 175.2 20.2 137.2 -17.8 181.4 26.4 132.5 -22.5 198.4 43.4 121.1 -33.9 
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160 180.8 20.8 141.6 -18.4 187.2 27.2 136.8 -23.2 204.8 44.8 125.0 -35.0 
165 186.5 21.5 146.0 -19.0 193.1 28.1 141.0 -24.0 211.2 46.2 128.9 -36.1 
170 192.1 22.1 150.4 -19.6 198.9 28.9 145.3 -24.7 217.6 47.6 132.8 -37.2 
175 197.8 22.8 154.9 -20.1 204.8 29.8 149.6 -25.4 224.0 49.0 136.7 -38.3 
180 203.4 23.4 159.3 -20.7 210.6 30.6 153.8 -26.2 230.4 50.4 140.6 -39.4 
185 209.1 24.1 163.7 -21.3 216.5 31.5 158.1 -26.9 236.8 51.8 144.5 -40.5 
190 214.7 24.7 168.1 -21.9 222.3 32.3 162.4 -27.6 243.2 53.2 148.4 -41.6 
195 220.4 25.4 172.6 -22.4 228.2 33.2 166.7 -28.3 249.6 54.6 152.3 -42.7 
200 226.0 26.0 177.0 -23.0 234.0 34.0 170.9 -29.1 256.0 56.0 156.3 -43.8 
205 231.7 26.7 181.4 -23.6 239.9 34.9 175.2 -29.8 262.4 57.4 160.2 -44.8 
210 237.3 27.3 185.8 -24.2 245.7 35.7 179.5 -30.5 268.8 58.8 164.1 -45.9 
215 243.0 28.0 190.3 -24.7 251.6 36.6 183.8 -31.2 275.2 60.2 168.0 -47.0 
220 248.6 28.6 194.7 -25.3 257.4 37.4 188.0 -32.0 281.6 61.6 171.9 -48.1 
225 254.3 29.3 199.1 -25.9 263.3 38.3 192.3 -32.7 288.0 63.0 175.8 -49.2 
230 259.9 29.9 203.5 -26.5 269.1 39.1 196.6 -33.4 294.4 64.4 179.7 -50.3 
235 265.6 30.6 208.0 -27.0 275.0 40.0 200.9 -34.1 300.8 65.8 183.6 -51.4 
240 271.2 31.2 212.4 -27.6 280.8 40.8 205.1 -34.9 307.2 67.2 187.5 -52.5 
245 276.9 31.9 216.8 -28.2 286.7 41.7 209.4 -35.6 313.6 68.6 191.4 -53.6 
250 282.5 32.5 221.2 -28.8 292.5 42.5 213.7 -36.3 320.0 70.0 195.3 -54.7 
255 288.2 33.2 225.7 -29.3 298.4 43.4 217.9 -37.1 326.4 71.4 199.2 -55.8 
260 293.8 33.8 230.1 -29.9 304.2 44.2 222.2 -37.8 332.8 72.8 203.1 -56.9 
265 299.5 34.5 234.5 -30.5 310.1 45.1 226.5 -38.5 339.2 74.2 207.0 -58.0 
270 305.1 35.1 238.9 -31.1 315.9 45.9 230.8 -39.2 345.6 75.6 210.9 -59.1 
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Table 7.2 Sum of skinfold data expressed as a percentage FM, determined using the 
equations established in Chapter 6 and described above. 
Sum of 8 skinfolds Sum of 6 skinfolds Sum of 4 skinfolds 
Sum of Skinfold 
(mm) FM (%) 
Sum of Skinfold 
(mm) FM (%) 
Sum of Skinfold 
(mm) 
FM 
(%) 
  
 
  
 
15 15 
20 16 
25 18 
30 19 
35 21 
40 16 40 22 
45 17 45 24 
50 18 50 25 
55 19 55 27 
60 16 60 20 60 28 
65 17 65 21 65 30 
70 18 70 22 70 31 
75 19 75 23 75 33 
80 19 80 24 80 34 
85 20 85 25 85 36 
90 21 90 26 90 37 
95 22 95 27 95 39 
100 23 100 28 100 40 
105 24 105 29 
110 25 110 30 
115 26 115 31 
120 26 120 32 
125 27 125 33 
130 28 130 34 
135 29 135 35 
140 30 140 36 
145 31 145 37 
150 32 150 38 
155 33 155 39 
160 33 160 40 
165 34 
170 35 
175 36 
180 37 
185 38 
190 39 
195 39 
200 40 
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Chapter 8 
General summary 
The purpose of the work presented in this thesis was, in part, to add to the body of 
literature detailing the physical characteristics and body composition of elite 
wheelchair athletes. This thesis not only provides a snapshot of this information, but 
a unique element was the tracking of changes in body composition over a 15 month 
period. This has provided a wealth of information regarding the body composition and 
means of assessing body composition in this specific cohort.  
 
As with most sports performance in which body weight must be transported across a 
distance, and success is in part determined by physical attributes (e.g. wheelchair 
basketball versus disability shooting/archery), maximising power to weight ratio by 
increasing FFM and minimising FM, can impact on performance (Dempsey et al.  
1966; Bale et al.  1986; Legaz and Eston. 2005; Arrese and Ostariz, 2006; Potteiger 
et al.  2010). In addition, wheelchair-bound individuals experience significant muscle 
atrophy and gains in FM, which can have huge health implications, including insulin 
resistance and cardiovascular disease. Clearly, the ability of the athlete to reduce FM 
gains and minimise losses in FFM will have significant positive health implications, 
which may not only prolong the lifespan and quality of life in disabled individuals, but 
may also extend their sporting career.  
 
In addition to obtaining a greater understanding of the physical characteristics of elite 
wheelchair athletes, the fundamental aims and objectives, were as follows: 
IV. To determine the reproducibility of DXA in a group of elite wheelchair 
basketball players 
V. To identify the agreement, accuracy and validity between the selected body 
composition techniques (BIA, ADP, skinfolds) and DXA for percentage body 
fat 
VI. To observe seasonal changes in body composition over a 15 month period 
and to determine whether the sum of skinfolds technique is able to detect and 
track changes in FM in an individual athlete, as determined by DXA 
 
The findings presented in Chapter 4, demonstrated that, whilst there may be 
challenges in the correct positioning of a disabled individual on the scanning bed, 
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which can introduce greater error, DXA is a highly reproducible technique, in the 
estimation of total and regional composition of elite disabled athletes. Whole body CV 
values for BMC, FM and FFM were all <2.0%, which is slightly higher than the 
precision error reported for able-bodied individuals. This greater precision error could 
be a reflection of the significant muscle atrophy and loss of bone in the population 
being studied. CV values for all bone mass variables ranged from 1.4-3.4% with a 
LSC value ranging from 0.03-0.12kg to observe a meaningful change. With the 
exclusion of arm FM (CV = 7.8%), CV values ranged from 0.1-3.7% for all total body 
and segmental measurements of BM, FM and FFM. In addition to these findings, the 
LSC that can be attributed to the effect of treatment intervention in an individual for 
whole body FM is 1.0kg and FFM is 1.1kg. Therefore, when an individual is assessed 
longitudinally changes in FM and FFM would have to be greater than 1.0kg and 
1.1kg, respectively, to be confident that any real change in body composition had 
occurred.  
 
The second study, Chapter 5 sought to identify the agreement, accuracy and validity 
between the selected body composition techniques and DXA in the estimation of 
percentage body fat. It is clear from the research that 3 or more compartmental 
models are more favourable techniques in the assessment of body composition as 
they make less assumptions and provide a greater degree of information (muscle 
tissue, FM and bone tissue) than 2-C models (FM and FFM). Unlike 2-C models, 3, 4 
and 5-C models are much more time-consuming, expensive and require highly 
trained technicians, making them less practical and accessible. The data reported in 
study 2, chapter 4, demonstrate that even though BIA and BodPod were closely 
correlated with DXA, they both substantially underestimated FM and overestimated 
FFM at both the group and individual level, revealing a lack of accuracy in these 
techniques. The systematic bias observed, when using SPE, were even greater than 
those of BIA and BodPod. In addition, all the LoA were of such considerable widths 
and the variability in the data, obtained in individual athletes, was so large, that none 
of the techniques could be regarded as reliable, in the estimation of body 
composition in elite wheelchair athletes. 
 
The final study, Chapter 6, was an extension of the work in study two and involved 
the collection of body composition over a 15 month period. The aim was twofold, in 
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that it firstly assessed the seasonal changes in body composition and secondly 
looked to determine whether skinfold measurements were able to track changes in 
FM, that had been determined using DXA. Measurements were collected using BIA 
and BodPod, however, the findings from study two and the initial analysis performed 
in this study, confirmed that these techniques were not appropriate in this cohort. 
Seasonal changes in body composition were not observed in this study, however 
individual changes, greater than the least significant change determined in Chapter 4 
were noticed. Regardless of any significant group changes, sum of skinfold 
measurements proved to be an appropriate in-the-field technique for the assessment 
and monitoring of change in FM in wheelchair athletes. When using a sum of 8 or 6 
skinfold sites, a ratio of 1.13 and 1.17 respectively, can be used, to determine 
whether a true change in FM has occurred, or whether the change still lies within the 
error in measurement. Both the sum of 8 and 6 skinfolds are able to detect small 
changes in FM. When only 4 skinfold sites can be taken, a ratio of 1.28 can be used 
to establish true changes in body composition. Whilst there is a greater error in 
measurement observed with only 4 skinfold measurements, a moderate (0.4SD) 
change in body composition can still be detected, making this a less desirable, yet 
appropriate means of assessing body composition in wheelchair athletes. This study 
also provided a practical means of estimating percentage FM from skinfold data that 
is specific to this cohort. 
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Chapter 9 
Future research recommendations  
There is a wealth of published research assessing the body composition of varying 
cohorts and the appropriate methodology employed, to estimate proportions of FM 
and FFM, however, such information in elite wheelchair athletes is still in its infancy. 
The data presented in Study 1, Chapter 4 of this thesis demonstrated that DXA is a 
highly reproducible technique that can be used in elite wheelchair athletes to assess 
body composition. Further published data, regarding both the short- and long-term 
reproducibility of this technique, in this population, would be invaluable. 
 
It was clear from Study 2, Chapter four that ADP, using the commercially available 
BodPod, was neither an accurate or valid technique to estimate body composition in 
elite wheelchair athletes. The algorithms that were used for this study were standard 
to the device and were derived from able-bodied individuals. It would be of interest to 
re-programme the software using equations specific to wheelchair 
individuals/athletes and re-assess the validity and accuracy of this technique in the 
wheelchair athlete population. Furthermore, it may be of great interest to compare 
the commercially available BodPod that predicts thoracic gas volume, with that of the 
laboratory ADP equipment that measures thoracic gas volume. This will help to 
remove any error introduced through calculations made based on able-bodied 
thoracic gas volumes. 
 
Study 3, presented in Chapter 6, examined the changes in body composition of elite 
wheelchair athletes over a 15 month period. At the group level, no significant 
changes were observed between time points. This may in part be explained by 
athletes sustaining a highly conditioned state throughout the study period and the 
absence of any off-season, during the time of assessment. Further research into 
sports where notable differences in training volume occur would enable the seasonal 
changes in body composition in elite wheelchair athletes to be fully explored. It would 
also be relevant to confirm whether the sum of skinfold measurements are sensitive 
enough to track changes in body composition determined using a reference 
technique such as DXA, and provide additional information pertaining to the least 
significant change for sum of 4, 6 and 8 skinfolds. This study also presented an 
equation that could be used to calculate percentage FM as determined by DXA, from 
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the sum of skinfold measurements. It is well established that SPE lack sufficient 
accuracy and precision to be regarded as a valid measure of body composition when 
applied to individuals who differ from the norm of the population group they were 
validated in (Study 2, Chapter 5). Therefore, a study that sought to validate this 
equation and verify its practical application with professionals working with elite 
wheelchair athletes would be of great interest. The equation should be validated 
against a 3-C criterion measure such as DXA, CT or MRI and could be further 
developed to incorporate measures of height and weight to account for body size. It 
is unlikely that one SPE can be developed and applied to wheelchair/disabled 
athletes as a group, and it is more probable that specific equations will need to be 
developed and validated within different disabilities. For example, it is doubtful that 
an equation validated in paraplegic athletes is able to provide a valid measure of 
body composition in amputees. In addition, there is very little published research into 
elite female wheelchair athletes (Sutton et al. 2009, Goosey-Tolfery & Crosland 
2010) with regards to body composition. In combination with providing a greater 
understanding of the physical characteristics of this specific cohort, through the 
collation of body composition data assessed using techniques such as DXA, when 
developing SPE, gender will need to be accounted for. Validation studies require 
large population samples, therefore in an already unique group, a combination of 
male and female athletes from various sports will be essential. As a result, sport 
specific equations that account for gender and disability are unlikely. 
 
An additional extension of this thesis would be the in-depth analysis of bone mineral 
density in wheelchair athletes. Bone data was not presented or discussed in detail in 
the current thesis, however observations were made on bone health through the 
collection of whole body and site specific DXA scans. The development of 
osteoporosis in the lower extremities of wheelchair-bound individuals is inevitable, 
even though bone mineral density in the upper body is greater in wheelchair-bound 
athletes (Sutton et al.  2009). This is a direct result of the impact that the absence of 
gravitational forces and muscular pull has on bone metabolism. There are a 
significant proportion of wheelchair athletes that are ambulant or can at least activate 
their lower limb muscles. It would be of interest to characterise bone health according 
to a) wheelchair-bound versus non wheelchair-bound athletes, using a control group 
of able-bodied sedentary individuals and able-bodied athletes, and b) wheelchair-
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bound athletes, who have no lower limb muscle innervations and therefore no use of 
lower limbs, versus wheelchair-bound athletes, who can’t walk, but can still activate 
lower limb muscles. The use of standing frames or braces would need to be taken 
into consideration when characterising such information.  
 
Future research that adds to the body of published data on wheelchair athletes and 
body composition is of importance to practitioners working with wheelchair athletes. 
This information improves the knowledge and understanding, which will help to direct 
the strategies employed and advice provided. 
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Nottingham Research Ethics Committee 2 
1 Standard Court 
Park Row 
Nottingham 
NG1 6GN 
 
Telephone: 0115 8839368  
Facsimile: 0115 9123300 
08 December 2008 
 
Miss Mhairi Keil 
PhD student 
School of Sport and Exercise Science 
Loughborough University 
Epinal Way 
Loughborough 
Leicestershire, LE11 3TU 
 
Dear Miss Keil, 
 
Full title of study: Body composition of Paralympic athletes: 
comparison of four techniques - dual-energy x-ray 
absorptiometry (DXA), air displacement 
(plethysmography), bioelectrical impedance and 
skinfold thickness 
REC reference number: 08/H0408/169 
 
Thank you for your letter of 05 December 2008, responding to the Committee’s 
request for further information on the above research and submitting revised 
documentation. 
 
The further information has been considered on behalf of the Committee by the 
Chair.  
 
Confirmation of ethical opinion 
On behalf of the Committee, I am pleased to confirm a favourable ethical opinion for 
the above research on the basis described in the application form, protocol and 
supporting documentation as revised, subject to the conditions specified below. 
 
Ethical review of research sites 
The favourable opinion applies to the research sites listed on the attached form.  
 
Conditions of the favourable opinion 
The favourable opinion is subject to the following conditions being met prior to the 
start of the study. 
 
Management permission or approval must be obtained from each host organisation 
prior to the start of the study at the site concerned. 
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Management permission at NHS sites (“R&D approval”) should be obtained from the 
relevant care organisation(s) in accordance with NHS research governance 
arrangements.  Guidance on applying for NHS permission is available in the 
Integrated Research Application System or at http://www.rdforum.nhs.uk. 
 
Approved documents 
The final list of documents reviewed and approved by the Committee is as follows: 
  
Document    Version    Date    
Protocol  1  29 September 2008  
Investigator CV       
Application  6719/9613/14
/577 & 
6719/9638/7/
157/4713/276
08  
26 September 2008  
Letter from Funder:  Email    27 August 2008  
Letter from Sponsor    26 September 2008  
Investigator CV       
Advertisement  1  29 September 2008  
Confirmation of Indemnity    01 August 2008  
Foetal Excess Radiation Dose and Risk Assessment    25 September 2008  
Foetal Normal Practice Radiation Dose and Risk 
Assessment  
  25 September 2008  
Participant Total Dose and Risk Assessment    25 September 2008  
Participant Excess Dose and Risk Assessment    25 September 2008  
Normal Practice Dose and Risk Assessment    25 September 2008  
Foetal Total Radiation Dose and Risk Assessment    22 September 2008  
Response to Request for Further Information    05 December 2008  
Participant Consent Form  5  05 December 2008  
Participant Information Sheet  5  05 December 2008  
Additional Information for the inclusion of female 
participants  
1  12 November 2008  
Evidence of Insurance    01 April 2006  
Response to Request for Further Information    13 November 2008  
Participant Consent Form  2  13 November 2008  
Participant Information Sheet  3  12 November 2008  
Questionnaire       
Response to Request for Further Information    24 November 2008  
 
Statement of compliance 
The Committee is constituted in accordance with the Governance Arrangements for 
Research Ethics Committees (July 2001) and complies fully with the Standard 
Operating Procedures for Research Ethics Committees in the UK. 
 
After ethical review 
Now that you have completed the application process please visit the National 
Research Ethics Website > After Review  
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You are invited to give your view of the service that you have received from the 
National Research Ethics Service and the application procedure.  If you wish to make 
your views known please use the feedback form available on the website. 
The attached document “After ethical review – guidance for researchers” gives 
detailed guidance on reporting requirements for studies with a favourable opinion, 
including: 
 
 Notifying substantial amendments 
 Progress and safety reports 
 Notifying the end of the study 
 
The NRES website also provides guidance on these topics, which is updated in the 
light of changes in reporting requirements or procedures. 
 
We would also like to inform you that we consult regularly with stakeholders to 
improve our service. If you would like to join our Reference Group please email 
referencegroup@nres.npsa.nhs.uk. 
 
 
08/H0408/169 Please quote this number on all 
correspondence 
 
With the Committee’s best wishes for the success of this project 
 
Yours sincerely, 
 
 
 
Dr Martin Hewitt 
Chair 
 
Email: linda.ellis@nottspct.nhs.uk 
 
 
Enclosures: “After ethical review – guidance for researchers”  
Site approval form 
 
Copy to: Mr Peter Townsend - Loughborough University 
 
 
